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Abstract
With the development in radiotherapy techniques there has been reduction in side 
effects compared to the treatment outcomes of some several decades ago. In this same 
regard, success rates for curative treatments are generally increasing, presenting 
increased demand for improved radiation cosmesis (i.e. reduction in side effects). This 
is no less true for those treated for lymphoma, taken together with the associated risks 
of cardiovascular disease.
The extracellular matrix (ECM) is a complex medium comprising the non-cellular 
functional components that surrounds cells. The ECM is composed mainly of fibrous 
proteins such as collagen and a gel of carbohydrate polymers called 
glycosaminoglycans (GAG). The ECM provides a range of vital roles including 
mechanical support, cell signalhng and water and solutes transportation, each 
potentially modified as a result of irradiation. The aim of this study has been to 
investigate the effect of penetrating photon irradiation on the biophysical and 
infrastructural properties of extracellular matrix (ECM) macromolecules. Hyaluronan 
(HA) molecules and collagen fibres were chosen because of their crucial mediating 
roles in controlling the physiological functions of the ECM.
The present work was guided by doses that can be dehvered to the synovial joint and 
pericardium as a result radiotherapy. In respect of biophysical characterisation, 
numbers of measurements were conducted for HA solutions, this being the main 
component of the synovial fluid. Different concentrations in the range (0.01-1% w/v) 
were studied. These measurements included viscosity, pH, ultraviolet irradiation 
(UV), Gel Permeation Chromatography (GPC) (for molecular weight 
characterisation) and Raman microspectrometry. Mechanical testing, with results 
controlled by the various structural elements, were performed on pericardium, 
uniaxial testing and atomic force microscopy (AFM) being used.
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1 Introduction
Since the discovery of X-rays in the late 19th century, the applications of radiation 
have continued to increase, most markedly in regard to medical and industrial fields. 
In turn, such interests have prompted intensive study of the effects of radiation on 
material properties. In this regard and in particular for present interests, it is important 
to study radiation effects in biological tissues, not least because of the widespread use 
of penetrating radiations in medical diagnosis and radiotherapy. Of note is that the 
majority of such investigations have concentrated on the effects of radiation at the 
cellular level, very much less attention being given to the extracellular matrix (ECM), 
the latter being the focus of present interest. As such, we investigate modification of 
hyaluronan (otherwise referred to as hyaluronic acid, HA), a principal component of 
synovial fluid, as well as modification of collagen fibres, a primary component of 
pericardium. The associated issues that arise include mechanical and structural 
changes, the late effects of which may impact upon the quality of life of patients who 
have undergone radiotherapy.
Before providing a more thorough review of ECM later in this thesis, it should be 
mentioned at this stage that the ECM is a complex structural entity surrounding and 
supporting cells in all multi-cellular organisms. It is composed of fibrous proteins 
such as collagen and elastins that are embedded in a gel of carbohydrate polymers 
called glycosaminoglycans (GAG). Normally GAG is attached to a protein core to 
form proteoglycan (aggrecan). The intention of present study is to investigate the 
effects of radiation on these structures as part of synovial fluid and pericardium, 
excluding study of specialized proteins such as fibrillin and fibronecotin. In addition 
to proteoglycans, there are long chains of repeating disaccharide units attached to a 
protein core, termed glycosaminoglycans (GAGs) [1-2]. HA and the other ECM 
macromolecules continue to attract considerable interest in research due to their great 
importance in healthy and diseased tissue. For this it is appreciated that knowledge is 
required not only of their structure, biosynthesis and distribution but also of changes 
in these due to various influencing factors, including radiation.
In the present work, concern will be given exclusively to the effect of radiation on HA 
and collagen as main parts of synovial fluid and pericardium respectively. Thus the 
first part of the study will cover a study of the structural changes on hyaluronan. 
These studies include investigation of viscosity and pH, and the effect of ultraviolet 
irradiation (UV), use being made of techniques such as Gel Permeation 
Chromatography (GPC) (for molecular weight characterisation) and Raman 
microspectrometry. The second part of the study will investigate the mechanical and 
infrastructure changes in collagen fibres (as a model system for studying the 
pericardium) applying a uniaxial testing tensile method and atomic force microscopy 
(AFM). These structures were chosen as the main components the ECM, i.e. the HA, 
collagen and elastin. In regard to HA, it is important to appreciate that it is the major 
component of the synovial fluid of articulating joints, playing the dominant role in 
joint lubrication. In particular, studies have shown that HA is the major determinant 
of viscoelastic behaviour in synovial fluid [3-4]. It has been established that aging 
causes decline in the ability of the body to synthesise poteoglycan in cartilage [5], 
epidermis [6] and eye [7]. Furthermore, the molecular weight of HA has been found 
to decrease with age and increase in terms of content [8]. It is for such reasons that 
changes in HA has attracted attention in regard to the radiotherapy of joints, it being 
an objective of radiotherapy to maximise malignant tumour death while minimising 
effects on healthy tissue. Irradiation of HA will result in ionization and excitation of 
the atoms of HA and surrounding ECM, to the extent that this may lead to changes in 
the physical and chemical nature of the polymeric HA. Alterations can be a result of 
several effects, including chain scissions and cross-linking [9-11] and bond 
deformation [12]. Chain scissions will result in reduction of the molecular weight and 
the associated viscosity [9-10, 13-14]. Conversely, cross-linking will result in 
increasing viscosity, being a reflection of increasing molecular weight.
Since viscosity is an important property of the HA polymer, giving rise to its 
viscoelastic behaviour in the synovial joint, it is important to investigate this in regard 
to any concomitant radiation cosmesis effects i.e. effects impacting on the quality of 
life of the individual following radiotherapy. While chemical degradation of HA 
induced by reactive oxygen-derived species (ROS) has attracted considerable 
attention in regard to HA depolymerisation [15-17], irradiation induced 
depolymerisation or bond deformations at low levels of dose has been largely
neglected. Thus, it is the intention of the study reported herein to make measurements 
of viscosity and shear stresses on HA solutions, these being conducted at different 
shear rates, use being made of various types of viscometer for different concentrations 
(0.01% -  1% w/v) of HA. The intention is to subject the HA solutions to doses of 6 
MV photon radiation (a typical choice of photon energy in external beam 
radiotherapy), the doses ranging from 0 -  20 Gy (again being typical of the dose range 
within which radiotherapy is delivered).
Radiation induced structural changes of HA has been studied in the field of HA 
depolymerisation, referring to enzymatic, chemical and physical methods of 
depolymerisation [18]. HA depolymerisation has attracted great attention in recent 
years due to the relative effectiveness of applying low molecular weight HA in 
different clinical treatments and cosmetics [19-20]. For example, HA of lower 
molecular weight has the ability to induce angiogenesis in wound healing [18, 21].
In investigations of the effect of penetrating photon ionizing radiation on pericardium 
at radiotherapy regimes a bovine pericardium was used and collagen fibres were taken 
as a model for the study. This is because of the importance of collagen fibres 
orientations and mechanical properties in giving the heart its viscoelastic properties 
and the ability to deform in all directions [22]. In addition to this, and in regard to the 
repeat structural pattern of the one dimensional system, collagen type I (abundant in 
connective tissues, including in tendon, skin and bone), changes were interpreted in a 
single direction [23].
The aim of the present work is to extend this field by studying the possible effects of 
typical x-ray doses used in radiotherapy on ECM components.
Literature review
2.1 Extracellular matrix
2.1.1 Introduction
Extracellular matrix is the non-cellular portion of biological matter that surrounds 
tissues; it is found in all multi-cellular organisms. The ECM is often referred as the 
connective tissue. In plants it is mainly composed of cellulose, while in vertebrates it 
is made of carbohydrate and proteins. The different fibre kinds, cell types and the 
characteristics of the ground substances can be related to the particular role of ECM in 
a tissue type. For example, tendons have highly elastic ECM while bones have highly 
mineralised ECM to withstand load and compression. Thus the ECM not only 
performs in providing mechanical support through compressive strength and elasticity 
but also protects against or preserves the retention of water. In addition, it has a 
significant role in control of cell behaviour, by providing interactive surfaces for 
binding of growth factors and interaction with surface receptors. Furthermore, it has a 
role in regulating transport of water and solutes between cells and tissues [24].
The most typical form of ECM is that surrounding connective tissue, being known as 
basal lamina. The basal lamina is a special form of ECM surrounding connective 
tissues and underlying epithelial tissue. The ECM is primarily secreted by fibroblasts, 
such as chondroblasts and osteoblasts that generate cartilage and bone respectively. In 
general the ECM is composed of a complex mixture of water, proteins and 
carbohydrates which are arranged in the form of a fibre network embedded in a 
ground substance. As mentioned before, collagen, elastin, fibronectin and laminin are 
the major protein macromolecules.
The ground substance is a gel like medium composed of mainly carbohydrate 
polymers known as glycosaminoglycans (GAGs). GAG chains are normally attached 
covalently to a protein core to from proteoglycan (aggrecan) molecules (Figure 2.1).
Proteoglycan 
subuïuts Core protean
\
Coilasen
Hyaluronic acid 
molecules
Fibronectin — )
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jdycan chains
Figure 2.1 Schematic structure of ECM cartilage [25].
Seven types of GAG have been recognised: hyaluronan, chondroitin 4- and 6- 
sulphate, dermatan sulphate, keratin sulphate, heparin and heparan sulphate. In all 
types of GAG the disaccharide unit is composed of an amino sugar (N- 
acetylglucosamine), which is sulphated in most GAGs, and a glucuronic acid sugar, 
(Figure 2.2).
CHîOH COOH
OH
OH
NHCOCH,
HO
+
OH
OH
OH
= GAG
Sulphate amino acid 
N-acetyIgIucosamine-4-suIfate
Glacturonic acid
Figure 2.2 The basic two units of the GAG structure [26].
Excluding HA, all groups of GAG contain sulphated sugars, the disaccharide units 
being arranged in more complex sequences, and they are normally attached to a core 
protein to form proteoglycans. In addition to that, they are secreted from the golgi 
apparatus inside the cell, while hyaluronan is spun out directly from the cell 
membrane [27].
In the subsequent sections of this chapter, a brief theory of hyaluronan, elastin and 
collagen will be shown, these being the most important components of ECM for 
present interests.
2.1.2 Hyaluronan (hyaluronic acid)
Hyaluronan was discovered by Karl Meyer and John Palmer in 1934, during their 
work on vitreous humour of cattle eyes [28]. They isolated hyaluronan from vitreous 
humour and they described it as a free polysaccharide acid of high molecular weight. 
From the data that they obtained for the preparation of their macromolecule, they 
proposed, for convenience, the name “hyaluronic acid”, from hyaloid (vitreous) + 
uronic acid. However, hyaluronan reflects the fact that it does not exist in acidic form 
in vivo under normal physiological pH. Thus nowadays the term hyaluronan (HA) is 
most typically used instead of hyaluronic acid.
2.1.2.1 Distribution of HA
HA is found to be in all body fluids and organs, for instance, in the vitreous humor, 
synovial fluid of the joints, umbilical cord, and skin [29]. Table 2.1 shows the 
concentration of HA in some tissues and tissue fluids.
Table 2.1 Concentration of hyaluronan in some tissues and tissue fluids [30].
Tissue or fluid Concentration, mg/1
Rooster comb 7500
Human umbilical cord 4100
Human synovial fluid 1420-3600
Bovine nasal cartilage 1200
Human vitreous body 140-338
Human dermis 200
Rabbit brain 65
Rabbit muscle 27
Human thoracic lymph 8.5-18
Human urine 0.1-0.5
Human serum 0.01-0.1
a y i i r e c a n  . iy y r « ? y « te
I ijm
^cnr« proioin
l in k  p r o l u  inn
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Figure 2.3 Schematic presentation of fetal bovine cartilage proteoglycan aggregate [31]
HA is an abundant constituent of the ECM in which most tissue differentiates, at the 
cell surface and inside the cell [32-33]. It takes different forms in tissues, as free 
polysaccharides such as in synovial fluid or as part of larger molecular structures, 
such as in cartilage proteoglycans (Figure 2.3). Furthermore, it can be found as a 
coating attached to cell surfaces, such as a capsule in certain pathogenic bacteria like 
group A and C Streptococcus, where the capsule gives the bacteria a resistive wall 
against phagocytosis [34-35]. The distribution of HA in different organs in rats is 
shown in Table 2.2, where about half of the total body HA is in the skin.
Table 2.2 Distribution of hyaluronan between different organs in rats [30].
Organ System Total hyaluronan (mg) Percentage
Whole rat 60.5 100
Skin 33.8 55.9
Muscles 4.69 7.8
Skeleton and supporting 
structures 16.2 26.8
Intestines and stomach 0.50 0.8
Remaining internal 
organs
5.25 8.7
2.1.2.2 Structure of HA
The chemical structure of the HA was revealed some twenty years after its discovery 
[36]. It is a non-sulphated, high-molecular-weight and linear polymer 
(glycosaminoglycan) of repeated disaccharide units. Each disaccharide unit of 
hyaluronan consists of D-glucuronic acid and N-acytelglucosamine that are linked by 
beta-1,4 and beta-1,3 linkages [36-37]. Figure 2.4 shows that each unit of hyaluronan 
disaccharide consists of one carboxylate group, four hydroxyl groups and an acetamid 
group [37].
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Figure 2.4 The structure of hyaluronan. Note the similarity of HA structure to the typical 
 ^ GAGs (refer to figure 2.2) except with the sulphur group.
As mentioned before, HA contributes the major viscous components of the synovial 
fluid [38] and the extracellular matrix of soft connect tissues, also being found for 
instance in skin, joints, eyes and in most other organs [29]. Since the discovery of 
HA, this interesting polysaccharide has attracted considerable attention due to its 
accumulation in the connective tissues structure. In addition, the level of HA (in terms 
of concentration, molecular weight, etc) has been linked to various disorders, where 
its level can vary from normal values. For example in liver cirrhosis, rejection of liver 
transplants, a number of caneers, rare hereditary diseases and inflammatory diseases 
such as rheumatoid arthritis, the HA level can increase [30]. Furthermore, HA is used 
among numerous clinical applications, such as in eye cataract surgery, joint diseases, 
tissue implants, to improve wound healing and to act as a drug carrier [24, 29, 39-41].
2.1.2.3 Synthesis and turnover of HA
Studies have shown that HA is a highly metabolically active macromolecule, which is 
good for cell regeneration. For example, the half-life of the skin-epidermis HA is 
about one day [42-43]; in cartilage it has a longer half-life of the order of 2-3 weeks, 
while collagen (as for other macromolecules in the FCM) has a half-life of up to 
several weeks or more [44].
11
Apart from HA, all other glycosaminoglycan are synthesised in the Golgi network 
within the cell. Hyaluronan is synthesised in the plasma membrane by a membrane- 
bound protein having the name ‘’HA synthase” derived from its function. HA 
synthase is an enzyme (membrane-bound protein) that synthesises HA polymer using 
two sugar substrates; N-Acetyl-D-glucosamine and D-glucoronic acid [34]. Figure 2.5 
shows that the synthesis process occurs in the presence of a divalent cation (Mn 
and/or Mg) at neutral pH [35].
SYNTHASE
n UDP-GlcUA + n UDP-GlcHAc [GlcUa-GlcUA-GlcNAQL + 2n UDP
n =
Figure 2.5 HA biosynthesis reaction, where two UDP-sugars precursors, UDP-GlcNAc 
(UDP-N-acetylglucosamine) and UDP-GlcUA (UDP-glucuronic acid) are utilised by the HA 
synthases [35].
The turnover circulation of HA starts by entering the lymph node via the lymphatic 
circulation before entering the blood stream for uptake by the liver. This process is 
mediated by HA binding molecules in an incompletely understood way (Figure 2.6). 
The binding molecules are located in the sinusoidal endothelial walls of the liver and 
lymph nodes (the two main sites of the HA degradation). These are species of the 
membrane-bound HA receptor for endocytosis (HARE) [44-45]. CD-44 was the first 
identified receptor for HA and later on, subsequent to the advent of DNA mapping, 
several receptors were identified such as a receptor called LYVE-1. Finally, it has 
been estimated that approximately one-third of the total HA in the human body is 
metabolised (synthesised and catabolised) every day [43].
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Figure 2.6 the circulation of HA turnover, adapted from [44]. Of interest is that while HA 
degradation takes place in the spleen ( 1 %)  and kidney (9%), the majority of the degradation 
occurs in the liver (90%).
2.1.2.4 Rheology of HA 
Introduction
Hyaluronan, being a high molecular-mass polysaccharide, exhibits viscoelastic 
properties giving the synovial fluid (Figure 2.7)its unique rheology. Irradiation of HA 
is now known to lead to changes in its rheological properties [8, 15, 46] and can be 
investigated via study of its molecular weight and associated viscosity. Here it is 
important to understand the concept of Newtonian and non-Newtonian fluid in order 
to understand the rheology of HA.
HA is believed to be a crucial element for joints function as it is found to exist in high 
concentration in normal synovial fluid of joints. Injection of high concentrations of 
HA into joints is also found to be effective in treating rheumatoid arthritis (even when 
the total HA is high, still a high concentration is required for a healthy joint) [47-48].
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Bone
Joint cavity filled 
with Synovial fluid
Synovial membrane
Bone
Hyaline cartilage
Figure 2.7 Schematic of a joint cavity and the enclosed synovial fluid.
The concept of Newtonian and non-Newtonian fluid
Assume that a liquid made to flow between two surfaces will experience a shear stress 
(see Figure 2.7). The velocity of the planes of fluid, U, varies across a velocity 
gradient with distance y from one of these surfaces.
U
Figure 2.8 Simple shearing in fluid between two infinite parallel plates. The top plate moves 
at constant velocity, U, in the x direction only.
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The shear rate, or velocity gradient, ÿ , is given by equation 2.1, and has units (1/s) 
. du^
r = 2.1
where Ux is the fluid velocity in the x direction in Figure 2.7.
For a Newtonian fluid, the shear stress, a (the force per unit area required to produce 
motion) is given by equation 2.2.
a  = jU7 2.2
where cr has units of pressure (Pa). The viscosity ju is a. measure of the resistance to 
flow and it is constant for a Newtonian fluid at a given temperature and pressure. 
According to equation 2.2 above, the flow curve (the curve relating the shear stress 
(7 and shear rate ( /  ) of a Newtonian fluid is a straight line curve (Figure 2.9). The 
viscosity ^  of the fluid is equal to the slope of this line [49].
Shear
stress
Shear rate ÿ
Mscositv
Shear rate f
Figure 2.9 Flow curve of a Newtonian fluid (left). The viscosity is given by the gradient of 
the line through the origin, is independent of shear rate and is constant for a given pressure 
and temperature. A graph of viscosity versus shear rate gives a straight line (right).
Fluids that do not show a straight line flow curve at a given temperature and pressure 
are called non-Newtonian fluids. In Figure 2.10 a summary is provided of flow curves
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of different types of non-Newtonian fluids without yield stress and with yield stress. 
Yield stress is the minimum shear stress for material to flow and below this point 
fluid behaves as an elastic solid.
Bingham plastic
Shear
stress
Newtonian
Yield
stress Shear-thinning 
pseudcpîastic
Shear rate y
Figure 2.10 Flow curves of different fluid types [50].
As the stress distribution for Non-Newtonian fluid is more complicated, equation 2.2 
has to be modified as follows [50]:
a  =  a y + T j { f ) f  
= (7^ , -f ky''
2.3
where Oy is a yield stress and r\ is the non-Newtonian viscosity, which is now 
dependent on shear rate.
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Since HA is a shear thinning type of non-Newtonian fluid, this thesis will discuss only 
the shear thinning type. The power-law model of Ostwald-de Waele is the simplest 
mathematical model to be used for representing <7 versus f  data:
a  =  2.4
where k and rf are the model parameters and for HA (as a shear thinning fluid) the 
value of n < 1 . Figure 2.11 shows the characteristic flow and viscosity curves for a 
shear-thinning material.
17
(a)
Viscosity
A
(Pa.s)
10'
10°
Shear rate f  (s' )^
i I
Shear 
stress (T 10^  -  
(Pa)
10°
Shear rate f  (s'*)
Figure 2.11 Characteristic graphs of viscosity (a) and shear stress (b) versus shear rate for a
shear-thinning material [49].
The figure above shows that the shear-thinning fluid has a different characteristic flow 
curve, where the viscosity is a function of shear rate, while Newtonian fluids have 
constant viscosity (Figure 2.9). As such, a very wide range of shear rates are needed 
in order to view the entire flow curve of most shear-thinning fluids, which is very 
hard to achieve using a single measurement technique.
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Equations that model the shape of the flow curve shown in Figure 2.11 require more 
parameters than given in equation 2.3. One such equation is the Cross equation [51].
1 2.5
This rearranges to:
^2—^  = (Xr)“ 2.6
n - n ^
The parameters rjo and rjoo refer to the asymptotic values of viscosity at very low and 
very high shear rates respectively, where the curve of viscosity versus shear rate 
levels out in Figure 2.11 (a). These regions are called the first and second (or upper 
and lower) Newtonian regions.
By making approximations in the Cross model, it is possible to reach simpler 
viscosity models. For example, for shear rates far from Newtonian regions, where 
T] »  and tj « t ] o ,  equation 2.6 reduces to:
By a redefinition of parameters we can write this as
This leads us back to the power-law model. K2  is called the consistency and has units 
of Pa.s”. The power-law index n is dimensionless.
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The power-law model of equation 2.8 fits many materials well, over two or three 
orders of magnitude of shear rate, and is therefore quite useful in describing flow 
properties in practical applications. However, it fails to predict rj of shear thinning 
fluids (n < 1) when at zero-shear-rate viscosity ( 7 ^) and the infinite-shear-rate 
viscosity {rj^) where the fact is that in both cases the value of rj approaches a 
constant value (Figure 2.11 a).
Shear-thinning non-Newtonian liquid
Shear-thinning [50] is a common phenomenon of non-Newtonian behaviour. It is 
characterised by the feature shown in Figure 2.11. For a linear polymer solution such 
as the hyaluronan of an adequate high concentration, the entanglement of the 
macromolecules might become predominant at rest. On the other hand, at shearing, 
disentanglement and an uncoiling of chains will occur. At elevated shear rate, this 
effect will become more manifest and be accompanied by decrease of the internal 
interaction (internal friction) between the macromolecules. It should be mentioned 
that the explanation of the finite viscosity at both zero and infinite shear rate can be 
done according to the mechanisms of shear-thinning. So for qo (very low 7 that is 
neglected) the arrangement of the molecules is determined by disorientation effect of 
the thermal motions rather than the effect of shearing. Therefore the internal friction 
of the molecules is constant at its maximum. On the other hand, for poo (very high 7 ) 
the orientation of the molecules is determined primarily by the shearing effect and the 
internal friction is constant at its minimum.
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2.1.3 An overview of pericardium structure and function
2.1.3.1 Protein structure
On the structural level, proteins can be classified into; primary, secondary, tertiary 
and complex structure. In the primary structure the amino acids are arranged in linear 
order from the amine end (or N terminal; i.e. the nitrogen of the amine group) to the 
carboxylic acid end (C terminal; i.e. the carbon of the carboxylic acid end).
Secondary structure involves orientation of peptide segments into regular 
conformations. One of the ways to classify proteins is either globular (soluble) or 
fibrous (insoluble), according to their three dimensional shape. Globular proteins, 
such as haemoglobin and insulin are composed of polypeptides coiled into compact 
structures. Conversely, fibrous proteins such as collagen and (keratin) elastin, consist 
of long filaments arranged side by side.
Secondary proteins can have one of the following conformations; a helix, P-sheet or 
super-secondary structure. In the a helix the chain segments are coiled into a cable 
like shape, stabilized by hydrogen bonding between amide N-H groups and C=0 
groups. Conversely, P-sheet is composed of several p strands that are aligned next to 
each other in a way such that hydrogen bonds can be formed between an amide N-H 
group on one strand and an C=0 group on the adjacent strand and vice versa.
2.1.3.2 Collagen
Collagen is the most abundant protein in the human body and among the ECM 
proteins, collagen type I is the most abundant. Collagen acts as a basic structural 
element for different tissues and organs such as bone, skin, cornea and blood vessels. 
It also provides an essential mechanical role as a main load carrying such as in blood 
vessels and tendons [52-57]. In ECM, the collagen as a major component performs as 
a framework over which cells and other components are arranged.
The fundamental unit of collagen is called tropocollagen which is made of three 
polypeptide chains (a chains), these three chains being arranged in the form of a rope­
like structure winding around each other and called a triple helix. An individual
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polypeptide chain consists of a large number of repeating amino acids triplets. Often 
these triplets follow this pattern glycine-X-Y, where X and Y are proline and 
hydroxyproline consequently [57] (Figure 2.12). As already mentioned, tropocollagen 
chains assemble themselves in a staggered manner to form collagen fibrils which are 
stabilised and maintained by covalent cross-links both between and within individual 
tropocollagen chains, by hydrogen bonds between proline C=0 groups of chain and 
the glycine NH group of another.
In the triple helix molecules all side chains are on the outside of the molecules facing 
water molecules. Therefore, the hydrogen bonds between will be replaced by water- 
mediated hydrogen bonds and this is essential for the stability of the structure.
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Triple helix
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Figure 2.12 Schematic of triple helix and a-helix with amino acid repeat pattern triplets 
(Glycine-X-Y). Adapted from [58].
In pericardium, at microscopic levels, collagen fibres are aligned in multidirectional 
orientation layers. This free arrangement of fibres gives the pericardium its 
viscoelastic properties and the ability to deform in all directions. This is an important 
mechanical property for the heart to perform its physiological functions especially 
because of the fact that the heart is attached to different ligaments and muscles in 
different directions [59-60].
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2.1.3.3 Elastin
Elastin molecule (tropoelastin) is elastic protein fibrillin with a high content of 
hydrophobic amino acids such as glycine and proline. The tropoelastin molecules 
assemble in the same manner as cross-linking of collagen fibres. As an example of the 
importance of this tissue component, it is abundant in blood vessels, elongating under 
tension ( < 200 % ), the stored energy being used for pressure wave propagation to 
help blood flow within vessels. It is also a vital component of other body parts, 
including the lungs, skin and bladder [61-62]. Ali et al [63] showed structural 
correlation to exist between the hydrophobic protein elastin and its elastic behaviour, 
use being made of wide- and small-angle X-ray scattering.
2.1.3.4 Pericardium
Structure and function of pericardium
The pericardium (peri meaning ‘around’) is a double-layered sac that encloses the 
heart. The two layers are: the fibrous pericardium and the serous pericardium (Figure 
2.13). The outer fibrous pericardium is a tough sac consisting of fibrous tissues whilst 
the inner pericardium is a double and more delicate sac (the parietal and visceral 
layers). The parietal layer of the serous pericardium lines the fibrous pericardium 
while the visceral layer (also called epicardium) adheres closely to the heart. These 
two layers are separated by a space called the pericardial cavity in which the 
pericardial fluid is enclosed. The pericardial fluid is a lubricating secretion that works 
as a shock absorber by reducing friction between the membranes during the heart 
movement within the chest. In summary, the pericardium performs a number of 
functions that are mainly mechanical in nature, for example it isolates the heart from 
other organs in the thorax, holds the heart in a fixed geometrical position and prevents 
excessive dilation of the heart chambers [64-65].
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Figure 2.13 Diagram of the pericardium and heart (A), a cross-section of pericardium (B) and 
photograph of a bovine heart with the pericardium intact (C). Adapted from [66].
Mechanical properties of pericardium
As for other soft tissues, the pericardium shows anisotropic mechanical properties 
because of the alignment of the component fibres [22]. Those mechanical properties 
can be studied by examining the stress-strain relationship, stretching the tissue when 
an external load is applied. Stress (force per unit cross-sectional area) is a measure 
that is related to the strength of the tissue, independent of sample size, and is given by 
equation 2.9
a  = FlA 2.9
where F is the force applied to the sample and A is the cross-sectional area of the 
sample. Assuming that the force is measured in newton (N) and the length in meter 
(m) then the units of stress are (N/m^) or Pascal (Pa).
Strain (e) is the ratio of the change in length to the initial length and is given by 
equation 2 .10:
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2.10
In general, soft tissue can go under large deformation, nonlinear stiffening and time- 
dependent behaviour (viscoelasticity).
A typical stress-strain diagram of a collagenous soft material (skin) showing the 
morphology of collagen fibres is seen in Figure 2.14. From this one can clearly see 
that the fibres align with increasing stress, a feature also observed in the present work.
FailureStress
Elastic
Toe Region
Strain
Figure 2.14 Entanglement as a function of stress. Adopted from [67].
It should be mentioned that pericardium samples show the same features of other 
living tissues as drawn in the first box on left of the above graph (toe region). This 
entanglement of fibres in a piece of tissue results in irreducible data when 
mechanically tested as reported in the literature and experienced in the present work 
[22, 68]. Therefore, in present work every sample was pre-conditioned before 
subsequent tests were conducted. The pre-conditioning was carried out by cycling the 
sample for ten times so all of its fibres go into alignment as shown in the right hand 
panel of the above graph. The pre-conditioning allows more consistent data to be 
obtained.
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2.2 AFM for structural changes
2.2.1 Introduction
The AFM is an imaging tool that is widely applied in biophysics and other fields to 
examine morphological features on the nanometre scale; how widely it is applied can 
perhaps be appreciated by the fact that on average everyday more than one paper is 
published on AFM biological applications [69]. It has been applied in many studies of 
simple and complex proteins and living cells. Besides imaging of features, the AFM 
can be used to manipulate samples and investigate their physical or mechanical 
properties and this is because of its flexibility in being able to combine both static and 
dynamic modes [70-73]. This technique does not only produce molecular resolution 
(as other scanning probe microscopes) but also allows one to work in near normal 
sample conditions, for example it can be performed in air or liquid [74] without too 
much processing. Working near normal conditions is very time effective and useful 
for real-time investigations for biological samples under physiological conditions 
[75]. Furthermore, its flexibility in being able to combine with other microscopic 
systems sueh as fluorescence gives it considerable potential, especially when working 
with biological samples [76].
In the AFM system, piezoelectric elements are used and this material expands and/or 
contracts when exposed to a voltage gradient and conversely a voltage gradient is 
created when forced to expand or contracts. This allows the AFM to create three- 
dimensional positioning devices of high precision.
The AFM technique provides high resolution significant information on ultrastructure 
and assembly of collagen fibres which lead in a way to determination of changes of 
those fibres post- irradiation radiotherapy treatment [77].
Also, this technique provides invaluable information on surface topography using a 
tip (a sharp needle-like structure) attached to cantilever (a soft spring). When a tip 
approaches the sample surface, tiny tip-sample interaction forces occur, such as Van
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der Waals and electrostatic forces. A comparison of some aspects of AFM over that 
of the scanning electron microscope (SEM) is shown in Table 2.3.
Table 2.3 Comparison of some features of AFM and SEM.
Feature AFM SEM
Surface profile 3-D 2-D
Sample preparation No need for sample coating
Requires metallic/carbon 
coating (conducting 
substrate)
Environment of work In air or liquid [74] Needs vacuum
Scanning speed
Low scanning rate which 
can lead to thermal drift in 
the image [78]
Relatively faster scanning 
rate
Image size jiim mm
2.2.2 AFM system
The components of an AFM system are a laser source, a cantilever with a sharp probe 
(tip), a sample stage, a photodetector and a vibration isolation system (Figure 2.15). 
The cantilever is usually made of silicon or silicon nitride as for instance used in this 
present work.
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Figure 2.15 Schematic drawing of AFM system: In the tapping mode, as used herein, the 
cantilever with the attaehed tip is moved over the top of the sample. In this particular scheme, 
the sample is placed in a moving (PZT) stage while the tip oscillates on top of sample along 
the y axis. Deflections corresponding to surfaee topography are recorded to produce an image.
The AFM measures the displacement of laser beam reflected from the back of the 
cantilever as result of cantilever deflections corresponding to the topography of the 
sample surface [79] i.e. vertical changes along the y axis as the cantilever oscillates 
continuously while at the same time the position of tapping changes in a controlled 
manner in the (x,y) plane. It should be mentioned that a feedback sensor is usually 
attached to the cantilever to maintain sufficient distance between the tip and the 
sample surface. If the scanning were otherwise to be carried out at fixed tip height this 
might lead to crash of the tip at high surfaces [71]. In the present work, the sample 
was placed on a movable stage so that this allowed ease of use in working with the 
sample, in particular when changing to other areas of interest on the sample.
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The main advantage of AFM over other ultrastructural methods such as SEM or TEM 
(transmission electron microscopy) is the capability of AFM to visualize ultrastructure 
of tissues in air or liquid at room temperature (ambient conditions) without need for 
staining, fixation or coating. Further, it can be used for conductive and non- 
conductive surfaces [79-81]. As a result, this tool produces less artefacts than other 
competing techniques such as SEM and is very effective and fast [79].
2.2.3 Tapping mode and biological samples
The idea of AFM scanning is to record the reflected laser beam position from the back 
of the cantilever using a four segments photodetector (Figure 2.15). The reflected 
laser will strike different sides of the photodiode indicating different position of the 
laser and so different angular deflection of the cantilever. This means that if a tip is 
scanned over a sample surface, an image representing the three dimensional shape of 
the sample surface can be produced via the recorded laser reflection data. The 
reflection of the cantilever is explained by Hooke’s law, as below:
D = Fjk  2.11
where the deflection D is determined by the acting force F and the spring constant k.
According to Hooke’s law, for a cantilever to provide maximum force sensitivity a 
very low spring constant k is required. Thus said, a minimum value of the spring 
constant should always be maintained in order to retain a stable position of the 
cantilever, allowing it to accommodate the attractive forces with the sample surface 
while also keeping the cantilever sufficiently close to the surface of the sample 
without getting into contact. This is the case of sample-probe approach.
Scanning soft tissues is more difficult than for rigid samples due to the fact that, 
during the process of scanning, the tip forces applied on samples can cause 
deformation of the surface. This deformation can lead to false reading of the sample 
topography figure. This problem can be solved by the so-called tapping mode during 
scanning.
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In the tapping mode, the cantilever oscillates on the top of sample (in gentle tip taps) 
resulting in only a short time of contact of the tip with the sample. Tip-sample force 
(either attractive or repulsive force) is determined via three factors; stiffness of the 
probe, set-point amplitude and free amplitude. The set-point amplitude is maintained 
via a feedback circuit.
It is important to know that because it is an intermittent contact with the sample, 
much less energy is transferred to the sample. This makes such a mode of scanning 
very useful as a non-destructive method of scanning delicate materials. Finally, it 
should be mentioned that while different manufacturers effectively use the same 
tapping mode/intermittent contact mode, different names are used such as for 
instance, alternating contact [73]. A fixed distance (~ nanometre or so) is always 
maintained between the sample surface and the tip of the cantilever.
While the tapping mode has been discussed as the mode of choice in scanning of 
samples studied in the present work, for completeness it should also be mentioned that 
there are two other modes of AFM scanning, namely the contact mode and non­
contact mode. Table 2.4 summarises the properties of the three different modes
Table 2.4 A summary table of three different possible modes of AFM scanning
Property
Mode of scanning
Tapping mode Non-contact mode Contact mode
Tip exerted force low low Low to high
Contact with 
sample surface
Intermitted during 
oscillations no yes
Contamination of 
tip yes no yes
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2.3 Effect of radiotherapy treatment on ECM
2.3.1 Radiotherapy Facilities
2.3.1.1 Introduction
For many years, megavoltage radiotherapy was carried out using units. These 
high-energy gamma-emitting radionuclide facilities were subsequently replaced by 
medical electron linear accelerator (linac) machines, the latter now being the most 
widely used radiation source in radiotherapy throughout the developed world. Linacs 
are designed to provide either electrons or X-ray therapy, covering a wide range of 
megavoltage energies. In addition, there are other types of therapy accelerators that 
are responsible for the production of neutrons as well as protons and other forms of 
charged particles. Betatrons, microtrons and cyclotrons are examples of such 
facilities.
A typical modem linac usually provides several electron energies and photon 
energies. The linac unit is made of five sections: the gantry; gantry stand; modulator 
cabinet; treatment table and control console (Figure 2.16).
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Figure 2.16 Components of a typical medical linac. Adapted from reference [82].
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2.3.1.2 X-ray production in a linac
In radiotherapy, electrons with kinetic energy of MeV are decelerated using a high Z 
target to produce X-ray beams in the range of a few MV [82]. It should be noted that 
only a small fraction of the electron energy is converted into X-rays, the majority 
being converted into heat in the target. The X-ray emitted are categorised into 
characteristic X-rays and bremsstrahlung X-rays. The characteristic X-rays (or 
sometimes alternatively Auger electrons) are produced as a result of Coulomb 
interactions between the incident electrons and the orbital electrons of the target 
atoms. On the other hand. Coulomb interaction between the incident electrons and the 
nuclei of the target atoms result in bremsstrahlung X-rays.
X-ray
Slow down
CZ>
Figure 2.17 A schematic diagram representing bremssstrahlung x-ray production (otherwise 
referred to as braking radiation).
When a charged particle such as an electron is decelerated (Figure 2.17), it emits 
electromagnetic radiation (x-rays). The rate of the radiation emission is proportional 
to the square of its acceleration.
i.e. a charged particle undergoing deceleration a will emit radiation at the rate a 
where:
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Za oc —  2 .1 2
M
such that radiation emission rate = oc 2.13
The angle of emission depends on the electron energy, becoming more forward 
directed with increase in energy (less deviation from the original pathway of the 
electron). The angle of emission is given by the formula 2.14
2.14
where c is the speed of light and m and E is the electron mass and energy respectively.
2.3.2 Radiation interactions with matter
Charged particles such as electrons and protons can excite or ionize atoms of an 
absorbing material through various means, as for instance through collisions with 
orbital electrons. In the case of accelerated high-energy (megavoltage) electrons, as 
typically produced by clinical electron linear accelerators, the predominant interaction 
will be with the electrons of the medium, interaction with the nuclei of the medium 
being much less probable. Accelerated electrons can also be made to impact on a 
high-Z target, resulting in the production of bremsstrahlung through conversion of a 
fraction of the kinetic energy of the charged particles into electromagnetic radiation. 
Mechanisms of X-ray photons interactions will be discussed in the following section.
2.3.2.1 Introduction
Radiation is either non-ionizing or ionizing depending on the electronic binding 
energies of the medium involved and the energy carried by the radiation. Ionizing
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radiation is the category of the greatest interest herein, perturbing atomic stability and 
affecting its chemical bonds. In radiotherapy, photons (X-rays and y-rays) and 
electrons are the most important types of ionizing radiation. Ionizing radiation can 
ionize a matter in either a direct or indirect manner. Directly ionizing radiation 
(charged particle) such as electrons interact directly with the orbital electrons of atoms 
via the Coulomb interaction (i.e. electrostatic interaction), resulting into energy 
deposition in the medium. Conversely, in indirectly ionizing (uncharged) radiation 
such as photons the interaction involves two main steps. The first step is to produce 
charged particles, these subsequently interacting with the atoms of the material 
through Coulomb interactions. In summery, the impartation of energy to a material 
(i.e. the deposition of radiation) depends on the types of radiation involved [82-83].
2.S.2.2 Interactions of X-rays with matter
For present interests X-rays are ionizing electromagnetic radiation of energies capable 
of inducing tissue damage. This results from physical, chemical and biological 
changes to the system. Physical interactions of charged particles (electrons) with the 
tissue atoms first take place, the charged particles being produced via ionization of 
orbital electrons. As a result, energy is lost from the incident photon in the medium. In 
regard to the chemical phase, chemical bonds breakage or/and formation occur 
resulting in free radical formation that will interact directly with the molecules of the 
medium. Free radical interaction with the tissues can end with cell death, cancer or 
genetic defect.
Photons with sufficient energy can ionize a material in three primary mechanisms: 
photoelectric events, Compton seattering and pair production. These interactions are 
dependent on the factors, photon energy, mass density and the atomic number (Z) of 
the absorber. In the present work X-ray photons of 6 MV were used to interact with a 
relatively low Z number medium (human tissue being approximately water 
equivalent). At this energy, the predominant photon interaction is Compton scattering. 
The following discussion of the three main types of interactions will not go into the 
detail of the theories but will simply summarise the essential of the underpinning of 
theory.
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Figure 2.18 the probability of the major three types of ionizing radiation interactions relative to the 
energy (MV) and atomic number (Z) of the absorber material [83].
Photoelectric absorption is predominant at low energy (<100 keV). The interaction 
involves complete absorption of the incident photons and ejection of an atomic 
electron, termed photoelectrons. The resulting vacancy in the atom bound shell will be 
quickly filled by capture of an eleetron from outer shells resulting in emission of 
charaeteristic X-rays, which are mostly absorbed within the detector material.
The ejected eleetron will carry kinetic energy Ek equal to the difference between the 
energy of the ineident photon huo and the binding energy of the ejected electron Eb, 
and is given by Equation (2.15):
2.15
The cross section of this interaction o depends on the atomic number (Z) of the 
absorber and it is given by Equation (2.16):
a  =cons tan t Z"
i h v j 3.5
2.16
where the exponent n varies between 4 and 5
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Compton scattering is the dominant interaction in the energy range between 100 keV 
and ~ 5 MeV. The interaction occurs between the gamma incident photon with an 
energy {hv^)  and an outer shell electron in the absorbing material, resulting in
ionization of the atom through ejection of an electron and reduction of the photon 
energy, through scattering at an angle 0 with respect to its original direction. Thus the 
incident photon energy hv^ will be divided between the scattered photon h v  and the
recoil electron with respect to the scattering angle 0. The 0 angle can be varied from 
zero (forward scatter) to 180° (backscatter), as shown in Figure 2.19.
Incident photon
hv^
Scattered photon h v
Recoil electron
E.
Figure 2.19 A schematic of the Compton scattering mechanism.
The scattered photon energy hv  is given by Equation 2.17
h v  = ------     2.17
1 + —^  (l -  cos O)
me
The probability of Compton scattering increases linearly with Z.
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Pair production occurs for photon energies greater than 1.022 MeV. This is an 
interaction between a high energy photon with the nuclear field, the photon energy 
being equally divided between one electron and one positron, where each of them has 
a rest mass equivalent to 511 keV. The positron will be mutually annihilated by an 
electron, resulting into two photons emitted in opposite directions of the annihilation 
event each with 511 keV, as shown in Figure 2.20 below. The cross section of this 
interaction a varies with approximately the square of the absorber atomic number (Z).
e
5 \ l k e V
5 \ \ k e V
Figure 2.20 A schematic of the annihilation interaction mechanism.
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2.S.2.3 Radiolysis of water
Radiation can damage tissues in two ways, direct and indirect action. Direct damage 
occurs when the radiation photon interacts with material molecules leading to 
physical and/chemical changes of the structure. It is more likely that indirect action of 
radiation occurs as water makes up the majority of body tissues (or as in the present 
case the HA solutions). Therefore, the majority of energy will be absorbed by the 
liquid molecules leading to production of free radicals (unpaired molecules) and toxic 
products (see below). These products include the reactive hydrogen and hydroxyl 
radicals, solvated electrons, and the molecular products hydrogen and hydrogen 
peroxide [10].
H 2 O —^ H 2 O + 6
6  +  H 2 O —  ^ H 2 O
H 2 O- - > H '  + 0 H
■> H20^ +0H*
The products e~, H '  and 077*are highly reactive and they can undergo radical- 
radical interactions or they might interact with other water molecules in equations 
below [84]. Studies have shown that these oxygen radicals react to degrade HA 
polymer [10, 85] and Lai [15] reporting that 077* is the most effective species in 
damaging the HA.
77* +77* -+77^
077* +077* -+77^02 
77* +077* - + 772O
H 2O + H '  - + ^ 2 + 0 7 7 *
H 2 O2  + 077* -> H 2 O + HO2
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2.3.3 Radiation dosimetry
2.3.3.1 Dose deposition
As has been mentioned above the energy deposition in the case of directly ionizing 
radiation occurs via Coulomb interactions between the charged particles and the 
orbital electrons. Bremesstrahlung radiation occurs when the speed of those charged 
particles is relatively high such that there is greater possibility of electromagnetic than 
electrostatic interactions and also of interactions with the nuclei. Bremsstrahlung 
production is described by the Larmor relationship which shows that the power of the 
emitted photons from an accelerated charged particles is proportional to the square of 
the particle acceleration a and the particle charges Z, as previously mentioned [82].
P = ^  2.18
6 7 T £ qC
2.3.3.2 Stopping power and LET
While passing through matter, electrons lose their energy by ionizing the material 
atoms. The stopping power is defined as the energy loss of the particle per unit path 
length given by (equation).
S{E) = dEldx 2.19
where S(E) is stopping power E is the mean energy and x is the path length traversed.
It should be noted that the term linear energy transfer (LET) is a restricted version of 
the stopping power. The difference between applications of the two terms is that in 
using stopping power the focus is on the thickness of the medium whereas in using 
LET interest is in the length of the charged particle tracks, typically random. Also, the 
LET (according to the ICRU) describes the rate of transfer of energy to the local 
medium [86].
Unlike heavy charged particles, electrons lose significant energy by interaction with 
atomic nuclei of the medium i.e Rutherford scattering (producing Bremesstrahlung
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radiation). This is added to the energy loss via collision (ionization), resulting from 
interactions with atomic orbital electrons. Therefore, there are two sub categories of 
stopping power for electrons making up a total stopping power:
=
dx
+
/  co llision
dE)  
. dx )
2.20
radia tion
The stopping power can be described by Bethe-Bloch formula, this being used to 
explain the energy loss of charged particles passing through a medium.
dx tUq
2.21
where ko = 8.99 x 109 N m^ C ,^
Z is the atomic number of the heavy particle, 
e is the electronic charge
n is the number of electrons per unit volume of the medium 
mo is the electron rest mass
c is the speed of light (and hence B = v/c is speed of the particle relative to c) 
7 is the mean excitation energy of the medium:
7=19 eV when Z = l,
7 = (11.2+11.7Z) eV when 2<  Z < 13 and 
7 = (52.8 +8.71Z) eV when Z > 13.
The Bethe-Bloch formula is applied for charged particles but electrons, due to the fact 
that, electrons are relatively small in mass compared to other charged particles such as 
protons and this make the former follow a tortuous path so they undergo much more 
energy loss via bremsstrahlung [87-88].
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Range of charged particles R(T) which is the distance travelled per unit energy; is 
given by reciprocal of stopping power, or:
Empirical evidence indicates that R a  for heavy charged particles, eg alpha 
particles [88].
It can be concluded at a point that the energy deposition in a medium for all ionizing 
radiation occurs via charged particles which can ionize and excite molecules of the 
medium. Those charged particles may be present as a primary radiation such as 
electron and positive ions irradiation or they may be present as secondary charged 
particles produced from other form of radiation, for example production of electrons 
from X-and 7 -irradiation or protons from neutron irradiation [89].
2.3.4 Radiobiological effect of x-ray photons on ECM
Typical ECM is composed of water, proteins, carbohydrates and HA. Therefore, 
biological effect of ionizing radiation will be discussed briefly for protein fibres, HA 
and pericardium.
2.3.4.1 Effect of radiation on proteins
Irradiation is one of the mechanisms (physical or chemical mechanisms) that can 
provide for modification of the structure of proteins. In general, irradiation of proteins 
can cause ionization and excitation of the atomic constituents, leading to changes in 
the physical and chemical nature of peptide chain. This can take place as a result of 
three different actions, bond deformation, chain scissions and cross-linking of the 
hydrogen bonds [10]. One or more of these effects can take place in both dry and 
aqueous states of proteins. It should be noticed that in dry state, the radiation effects 
are predominantly direct action on the amino acids as a result of disruption of the 
secondary structure of proteins. Conversely, irradiation in aqueous state also involves
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action of free radicals, where 77* and 077* radicals interact with the surrounding 
molecules in the solution, mainly hydrogen atoms.
Effect on collagen
In the early 1960s a number of studies were conducted to investigate the effects of 
irradiation on collagen, a major component of the extracellular matrix [10, 90-92]. 
The studies were conducted at particularly elevated doses, from a few tens of kGy, 
through to extremely high doses o f -  1 MGy, as in the work of Cassel in 1959, 
reported by A.J. Bailey [10]. Unsurprisingly, at such doses detectable changes were 
observed. Changes on collagen structure as a result of irradiation are similar to those 
occuring for other fibrous proteins. Irradiation can be connected to changes to 
hydrogen bonds that make up the backbone of the triple helix and might lead to chain 
scission or/and cross linking within the basic structure which can affect its mechanical 
strength.
2.3.4.2 Effect of radiation on HA
Present interest concerns the synovial fluid of articulating joints, with HA being a 
major component of this fluid and playing the dominant role in joint lubrication. In 
particular, studies have shown that HA is the major determinant of viscoelastic 
behaviour in synovial fluid [3-4]. It has been established that typically after the third 
decade of one’s life the body will begin to lose the ability to produce HA. It is for 
such reason that changes in HA has attracted attention in regard to the radiotherapy of 
joints.
Irradiation of HA will result in ionization and excitation of the atoms of HA and 
surrounding ECM, to the extent that this may lead to changes in the physical and 
chemical nature of the polymeric HA. Alterations can be a result of several effects, 
including chain scissions and cross-linking [9-10] and bond deformation [12]. Chain 
scissions will result in reduction of the molecular weight and the associated viscosity 
[10]. Conversely, cross-linking will result in increasing viscosity, being a reflection of 
increasing molecular weight. Since viscosity is an important property of the HA
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polymer, giving rise to its viscoelastic behaviour in the synovial joint, it is important 
to investigate this in regard to any concomitant radiation cosmesis effects i.e. effects 
impacting on the quality of life of the individual following radiotherapy. While 
chemical degradation of HA induced by reactive oxygen-derived species (ROS) has 
attracted considerable attention in regard to HA depolymerisation, irradiation induced 
depolymerisation or bond deformations at low levels of dose has been largely 
neglected. Thus, it is the intention of the study reported herein to make measurements 
of viscosity and shear stresses on HA solutions, these being conducted at different 
shear rates, use being made of various types of viscometer for different concentrations 
(0.01% -  1% w/v) of HA. The intention is to subject the HA solutions to doses of 6 
MV photon radiation, the doses ranging from 0 - 2 0  Gy.
2.3.4.3 Effect of irradiation on pericardium (fibrous ECM)
Study of ultrasrructual changes of the heart, for patients who died as a result of 
cardiovascular disease following therapeutic thoracic irradiation was documented for 
the first time by Burch GE and his group in work published in 1968 [93]. The changes 
of the heart tissues were found to differ from those resulting from ischemia or 
infarction [93]. in 1960 early work was published on the effect of radiation on the 
heart, changes being investigated through variations in electrocardiography (ECG) 
readings [94]. Studies of tissue morphology started in the late 1960s, the heart was 
considered to be of low sensitivity to radiation at low radiotherapeutic doses [95] until 
Fajardo and Stewart have demonstrated the severity of radiation induced damages at 
low single doses (up to 40 Gy) given to rabbits [96].
Radiation induced changes on the heart as results of radiotherapy treatment of cancers 
of different organs close to the heart have been reported in different studies. These 
changes were also seen in different animal species, including rats [97], rabbits [95-96] 
and monkeys [98]. Effects in different organs in the chest, such as breast, oesophagus 
and lymphoma were subsequently documented for humans [99-101].
As an example of the incidence of heart disease following breast radiotherapy, it has 
been estimated to be 3.4 per cent, compared to 5.8 per cent for lymphomas cancer 
patients [102].
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Mechanism for radiation-induced changes in the heart can be broadly summarised to 
be a result of direct interactions with cell nuclei, with subsequent degradataion of 
DNA, together with compromised vascular, extracellular matrix, neural damage and 
affects upon the heart mediated by the viscous and mechanical alterations. Radiation- 
induced damage on the heart can be observed in the pericardium, myocardium, valves 
and coronary arteries or interstitial cellular medium (ECM) [94, 100, 103-104]. 
Although the aforementioned structures of the heart can be potentially damaged by 
irradiation, pericardium has been found to be more frequently affected than other 
structures, in particular the parietal part [105]. It has also been noticed in the 
myocardium that damage is more frequent in the anterior wall of the left ventricle 
than the right ventricle. This may explain the reported reduction in heart output after 
irradiation [106-107]. It should be mentioned that the incidence of damage is dose 
related, depending on the volume of the heart irradiated [101].
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Materials and Methods
3.1 Rheological studies of HA
3.1.1 Sample preparation (pre and post-irradiation)
Hyaluronan (sodium hyaluronate) from rooster comb was purchased from Sigma- 
Aldrich (Dorset, UK) and dissolved in de-ionized water. HA aqueous solutions were 
made in various concentrations (in the range 0.01% to 1.00 % w/v). Samples at 
particular concentrations were then split into a number of vials for subsequent 
irradiations, the volume either being chosen to be about 200 ml volume for 
measurements made using the Brookfield viscometer and 50 ml for measurements 
using the Thermo Haake viscometer, as required. The manufacturers of the HA have 
indicated that the mean molecular weight of HA from rooster comb is expected to 
have a molecular weight of about 2 million Daltons (Sigma Aldrich, personal 
communication). The solutions were contained in tissue flasks NunclonTM (Fisher 
Scientific, UK) of a thin rectangular cross-section to allow uniform irradiation across 
the volume of liquid.
In the making of irradiated media samples (see below for irradiation details) for 
structural change studies involving spectroscopy (Fourier-transform infrared spectra 
(FTIR) and Raman spectroscopy studies, in the studies herein) the choice made was to 
prepare the samples in the form of films. This was carried out in order to remove the 
problem of there being a broad absorption peak for water that would otherwise 
underlie and obscure the finer features related to the HA itself. For each concentration 
of HA solution, for each irradiation dose, a 1 ml drop was deposited onto the 
proprietary lining material Benchkote, on the non-absorbent surface of this medium, 
and allowed to dry at room temperature for 24 hours until completely dry.
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3.1.2 Sample irradiation
The solution vials were exposed to various doses of 6 MV X-ray irradiations, in the 
range 0- to 20 Gy. For this, use was made of a Varian Clinac radiotherapy accelerator 
located at the Royal Surrey County Hospital. The doses were delivered for a uniform 
set up of a 10 X 10 cm field for containers of the 50 ml solutions and 20 x 20 cm field 
size for containers of the 200 ml solutions. The irradiations were carried out at 100 cm 
Focus-to-Surface Distance (FSD) and at a dose rate of 400 monitor units per minute 
(i.e. 400 cGy min'^), the ambient temperature being 22 ± 0.5 °C. The actual doses 
were within ± 2 % of the nominal dose.
3.1.3 Structural change studies
3.1.3.1 Viscosity
BMHIKIEIB
fro
Figure 3.1 The Brookfield DV-II +Pro Viscometer with thermocouple and guard leg
attached.
Brookfield DV-II+Pro viscometer (Brookfield Viscometers Ltd., Essex, UK), 
equipped with spindle No. 1 (Figure 3.1), was used to measure the viscosity of HA 
solutions (0.01 %, 0.1 % and 0.4 %). A Brookfield standard silicon oil fluid with
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viscosity of 470 cP (m.Pa.s) was used to calibrate the system (Brookfield Viscometers 
Ltd., Essex, UK).
All measurements were made over range of shear rate between 1 and 25 s'  ^ which is 
the range over which readings are available using the equipment. The viscosity was 
displayed in centipoise (cP) on an LCD display screen, 1 cP being equivalent to 1 
mPa.s (Pascal-seconds). A thermocouple suspended in the sample fluid measured the 
temperature, which was also displayed on the display screen, as shown in Figure 3.1.
Samples of HA solutions were added to beaker of a volume of 250 ml although the 
manufacturer has calibrated the equipment for a volume of 500 ml (Figure 3.1). 
Because of cost effectiveness, making such a large volume for the large number of 
doses and concentrations to be studied was not a choice that the group were willing to 
take. Therefore, the guard leg has been removed in all measurements as the volume of 
the beaker was small. However, the viscosity measurements were tested using a 
volume of 250 ml beaker for two types of Brookfield Viscosity standard silicon fluids, 
procured from Brookfield Laboratories Ltd. These had viscosity values (±1%) of 497 
and 980 mPas, measured using a primary calibrated standard Brookfield DV-II+Pro 
viscometer. This then provided an estimate for a correction factor to apply to the 
results measured using the non-ideal experimental conditions. Furthermore, each 
determination of viscosity (cP) for each data point was done by taking at least three 
readings and the samples were allowed to equilibrate for 2 minutes prior to every 
single test. All measurements were made at samples temperatures between 20.8 and 
22.7, the specific value for all the tests since no on-board temperature control was 
available with the equipment.
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Figure 3.2 Brookfield rotating cylinder viscometer and LV-1 spindle.
The viscosity changes in the samples were also measured using a Thermo Haake 
VT550 Viscotester with the NY double gap cylinder assembly (Thermo Scientific, 
Thermo Fisher Scientific Inc, UK). In order to maintain a constant temperature the 
system was attached to a Thermo Haake DC-K20 temperature controller (Figure 3.3). 
This property of controlling temperature is important since viscosity is temperature 
dependent, the viscosity generally tending to decrease with increase in temperature. 
This is because of the thermal expansion which allows the fluid molecules far greater 
mobility [108]. The viscosity-temperature relationship for Newtonian fluids is 
expressed in Arrhenius equation (below) where A is a constant, E is the activation 
energy, R is the gas constant (38.314 JK-1 mol-1) and T is the temperature in Kelvin:
3.1
The major three advantages obtained in using this system over the previous facility 
are; (i) only a small volume (about 8 ml) of sample is required instead of using 500 ml 
as in the Brookfield; (ii) the rotating spindle fits in a cup such that only a small gap 
remains between the rotor and the cup, giving a highly defined shear rate in the
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Figure 3.4 Bell and cup rotor arrangement of the Thermo Haake VT550.
The Ubbelohde capillary viscometer (PSL Ltd, Essex, England) was attached to a 
water bath. All the measurements were determined at temperatures between 20 + 0.1 
to 22 + 0.1 °C in the Ubbelohde viscometer and the Thermo Haake Viscotester.
Figure 3.5 An Ubbelohde capillary viscometer used for measurements of the HA solutions.
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Since the HA is a linear polymer then its molecular weight is empirically related to its 
viscosity which can be measured empirically by a simple method through comparing 
its efflux (flow) time at different concentration. Capillary viscometers are usually 
used to measure solution viscosity by comparing the efflux time t required by a 
known volume of the solution to flow through the capillary of the tube with related to 
the time to required by the solvent (which is water in our case) [109].
Different defining equations of viscosity were derived from t, to, and the solution 
concentration (c), are list in Table 3.1.
Table 3.1 Summary of the defining equations used for calculation of viscosity.
Common name Recommended Name Defining equation
Relative viscosity Viscosity ratio
rj t
Specific viscosity
V 'to y
Reduced viscosity Viscosity number
Intrinsic viscosity Limiting viscosity 
number cc = 0
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There are two types of capillary viscometers that can be used for dilute solutions; the 
Ostwald-Fenske and Ubbelohde viscometers. In the present study, an Ubbelohde type 
was used since it has the advantage that the measurement is independent of the 
amount of solution in the viscometer. As mentioned earlier, the viscosity of a linear 
solution can be helpful in characterising the molecular weight of a polymer, the Mark- 
Houwink (M-H) equation (expressed in equation 3.2) being applicable in this 
situation.
[rj] = K[Mw]‘ 3.2
where:
fj is the intrinsic viscosity
K and a relate to polymer/solvent dependent constants 
Mw is the molecular weight
3.1.3.2 Gel-permeation chromatography (GPC)
A comparison of the Mw distribution was made for three samples of 0.4 % (w/v) HA 
solution. The three samples were exposed to doses of 0, 2, and 5 Gy. The study was 
performed by Smither Rapra Technology Limited (Shropshire, UK), the measurement 
requiring advanced facilities not available at the University of Surrey.
1.0 ml of each sample was diluted to 10 ml with the chromatographic eluent and 
leaving at least two hours to disperse. Then, the samples were mixed and filtered 
through 0.45 //m PVDF membrane prior to chromatography. A refractive index 
detector (with differential pressure and light scattering), eluent of 0.2M NaNOa, 
O.OIM NaH2P04, pH 7.0, and a PL aquagel-OH 40 plus, 60, 30 cm and \5 jLlm were 
used. Cirrus 3.0 software (Polymer Libratories) has been used to collect and analyse 
the data.
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3.1.3.3 UV Spectrophotometry
UV spectra were acquired for HA solutions using a UV/ visible spectrophotometer, 
Camspec M350 double beams (Camspec Ltd, Cambridge, UK) and cuvettes glass. 
The system located at the soft materials lab at the University of Surrey. The 
measurements were done at 25 °C in the range of 190-1100 nm and de-ionozed water 
was used as a reference.
3.1.3.4 pH measurements
The pH measurements were done for the samples of HA solution using a portable pH 
meter (Jenway Ltd, Essex, England). The system was calibrated using two buffers, pH 
7 and pH 4.
Thermometer
50 ml
pH meter
M. stirrer '
Figure 3.6 A diagram of the pH meter, indicating the volume of buffers, magnetic stirrer and
thermometer.
3.1.3.5 Raman spectrometry
Raman spectra were acquired for HA films placed on a quartz slide using a 3- 
Dimensional Raman Microscopy System NANOFINDER 30 (SOLLAR TII, Ltd. 
Russia) located in the soft material lab. University of Surrey. The films were prepared 
as described in section 3.1.1 and inspected using an excitation wavelength of 633 nm 
using a HeNe laser.
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The reported spectra are the means of 10 acquisitions for HA films at laser power of a 
100% on the samples and an objective lens magnification of 60 %. A silicon standard 
was used to perform a frequency calibration.
Raman is a non-destructive analytical technique and is considered as one of the key 
technical means for studying polymer chemistry. It involves interaction of a light 
beam with matter, causing the atoms in the molecule to vibrate. This process leads to 
emits scattered light (of a different wavelength) that can be analysed to reveals 
information about chemical and physical structures and the physical state of the 
sample molecules.
The Raman technique has a number of advantages over many other analytical 
techniques, for example; it does not require sample preparation, is non-destructive, is 
suitable for use in solids, liquid and gases, is transparent or opaque samples, can be 
used with aqueous solutions (and other solutions) and it gives real-time measurements 
with high resolution to yield informative spectra.
Virtual States
Vibrational State 
Ground State
Anti-Stokes 
Raman Scattering
Stokes Raman 
Scattering
Rayleigh
Scattering
Figure 3.7 Energy-level diagram of a molecule, indicating the ground state and different
vibrational states.
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When an incident photon { h v ^ )  interacts with a molecule in the ground state, the 
energy of the { h v ^ )  will be divided according to whether photons are absorbed or 
scattered { h v ) .  The majority of scattered photons will have the same wavelength as 
the incident light { h v ^ ) \  being elastic this component termed Rayleigh scattering. 
Conversely, some scattered photons have a wavelength are either longer or shorter 
than that of incident photons. Those photos that are shifted to a longer wavelength are 
called Raman scatter or Stokes scatter. Conversely, those shifted to a shorter 
wavelength are called anti-Stokes photons.
3.2 Studies of irradiated pericardium
3.2.1 Mechanical studies
3.2.1.1 Sample preparation
Figure 3.8 Photographs of bovine heart with its pericardium, the fibrous pericardium and 
fatty tissue (A) and the visceral pericardium (B).
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The study reported herein used fresh bovine pericardium (BP) for the experiment 
(Figure 3.8). The tissues were obtained from a local abattoir (Chitty Food Group Pic, 
Guildford, UK). Tissues from three animals were employed; all samples were brought 
to the laboratory within a few hours of collection. Three animals were chosen of 
approximately the same age (between 24 and 27 months), as the pericardium 
thickness is a function of age. Each BP sac was washed with PBS 0.1 M phosphate 
buffered saline solution (PBS) and adherent fat was removed prior to cutting (Figure 
3.9). Five rectangular samples of BP tissue were cut from frontal pericardium and 
between experiments these were stored in 0.1 M (PBS) at 4 °C.
Â
Figure 3.9 Photograph of mechanical cleansing of the adherent fat tissues.
For each sac, a sample was set aside as a control while three samples from each 
animal (all maintained in PBS solution) were prepared for irradiation. All samples 
were kept in tissue flasks (being of the same to type used for hyalronan samples).
3.2.1.2 Sample irradiation
The samples were exposed to three doses resulting from 6 MV X-ray iiTadiations: 5, 
40 and 80 Gy. For the latter, use was made of a Varian Clinac radiotherapy 
accelerator located at the Royal Surrey County Hospital. The doses were delivered for 
a uniform set-up, using a 40 cmx40 cm field to allow coverage of the entire 200 ml
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volume of the PBS solutions in which each sample was kept. The tissue flasks were 
placed on a solid water material and surrounded by tissue equivalent wax bags to 
simulate the body environment (Figure 3.10). The irradiations were carried out at a 
focus-to-surface distance (FSD) of 86 cm. Doses were delivered at a dose rate of 400 
monitor units per minute (i.e. 400 cGy min~^) as typically used in linac teletherapy. 
The ambient temperature was 22+0.5 °C. After irradiation, each rectangular sample 
was cut into four rectangular strips in preparation for testing.
Figure 3.10 Uniform irradiation set-up comprising the samples retained in tissue flasks 
containing 0.1 M PBS (seen in A), surrounded by a tissue equivalent medium (the latter being 
a combination of ‘solid water™ and wax) to provide a reproducible situation (seen in B).
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3.2.1.3 Uniaxial testing
Uniaxial mechanical measurements were conducted on the strips of tissue, with each 
sample having been excised from the base to apex of the heart to try to ensure that 
collagen fibre alignment ran along the length of each strip. Visual assessment of the 
approximate predominant collagen alignment assisted in carrying out such a 
procedure. The strips had the following range of dimensions: 9.77-19.85 mm 
(±0.1 mm) in length; 3.51-4.47 mm (±0.1 mm) in width and 0.32-0.50 mm 
(±0.1 mm) in thickness.
The strips were mounted between two clamps of a mechanical testing apparatus 
(TA.XTplus Texture Analyser, Stable Micro System, Godalming, UK) (Figure 3.11). 
The testing apparatus was modified in the University of Surrey Physics workshop, the 
clamps were made of serrated design to grip the ‘slippery’ pericardial strips between 
the clamps for a better distribution of force/area during the mechanical testing. The 
lower clamp was fixed while the upper clamp was attached to the moveable crosshead 
with a 5 kg load cell. The apparatus has been adapted in such a way that it allows 
strips to be mounted in solution and maintained as such throughout mechanical 
testing.
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Load cell
Arms attached to base 
of texture analyser
PBS solution
Sample
Serrated clamps
Beaker holder
b *
Figure 3.11 A schematic and photograph of the experimental arrangement for the mechanical 
testing apparatus used in the present work.
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Three experiments were performed on each strip of tissue, starting with 10 loading 
and unloading cycles at a constant velocity of 0.04 mm/s and strained to 20% of its 
original length. Engineering stress was calculated as a function of engineering strain. 
Here it should be noted that one of the samples was strained to just 15% of its original 
length as it was found to be thin (0.32 mm) in comparison to the other two samples 
(0.45 and 0.50 mm). The results showed that reproducible curves were obtained after 
the fifth cycle. After such pre-conditioning, a stress relaxation experiment was 
conducted. Each strip was strained to 20% or 15% of its original length and then held 
at a fixed length for a time period of 1000 s, whilst the stress was measured. Finally, 
the load was removed and each sample was allowed to relax for 2 min before being 
extended at a 0.1% strain rate until the tissue fractured. Ultimate tensile strength 
(UTS) and strain at failure were calculated from this type of experiment.
The dimensions of the strips were measured using a micrometer and elongation curves 
data were obtained in terms of force (N), extension (mm), and time (seconds) in order 
to work out stress vs. strain curves. Hysteresis, the ratio of applied force at fracture to 
the original cross-sectional area of strips, ultimate tensile strength and strain at 
fracture were calculated from data obtained. Note that hysteresis values were 
calculated from stress vs. strain curves not force vs. extension to eliminate effect of 
variation of cross-sectional area from strip to another.
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3.2.2 AFM
3.2.2.1 Sample preparation
Samples for AFM were prepared as in the same way as those used for mechanical 
testing, with increase precaution in removing fat from tissue.
3.2.2.2 Sample irradiation
Similarly, samples for AFM were irradiated as in the same way same as those used for 
mechanical testing. The doses were 0, 5, 30, 40 and 80 Gy.
3.2.2.3 Post-irradiation preparation for AFM
Pericardium samples were cut into small squares (1 cm x 1 cm) and each was placed 
into a substrate (a mica slide was used in the present work), the fibrous pericardium 
facing upwards. The mica slide is also placed on a metal slide and tape was used to 
ensure a firm attachment of the two slides. The mica sheet provided a highly flat 
surface [80]. These two factors (the firmness of attachment and flatness of sample) 
were found to be crucial factors for a stable imaging, reducing artefacts in recording 
laser deflections, improving the image resolution [73]. Maximum precaution was 
taken in achieving the highest purity of sample surface by removing fat debris from 
tissue before scanning. In addition, steps were taken to minimise contamination.
The samples were distributed gently over the substrate (for minimum topographical 
variation) and left to self dry in a fume cupboard with air circulation over night to be 
scanned in the following day.
For the second and third AFM samples, a different method of preparation was used, 
samples being made in larger square sizes and rinsing them in deionised water to get 
rid of small debris of fat and others fragments. This debris had previously been 
noticed in scanning of the 1st couple of samples, also causing contamination of the 
tip. A further problem concerned immobilisation of the sample as a result of 
differential drying, the edges shrinking before the centre. This led to issue of rippling 
of the sample surface and detachment of the edges, leading to difficulties in scanning 
especially in the tapping mode, the tip being easily damaged. To solve this issue the 
samples were left to dry on print paper (Figure 3.12), it being observed that this
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allowed the whole sample to dry in a uniform manner. As before, the samples were 
left to dry over night and on the day of scanning a flat square was cut and placed on 
mica sheet.
■ ■ ■
Figure 3.12 A photograph of pericardium samples, left to dry overnight on print paper.
Issues in AFM studies of pericardium with fat
In study of the first sample, use was made of the tapping mode and a hard cantilever. 
In doing so, the images were initially of acceptable quality, progressively reducing 
thereafter in resolution. Guidance from the AFM manual revealed comparable quality 
example images resulting from use of a contaminated tip, the hard cantilever applying 
excessive force on the sample surface . Remnant fat on the sample added to such 
difficulties. Since it would be impractical to change the tip for every single scan, 
technical advice from the manufacturer of the AFM facility was to make used of 
reduced hardness cantilevers for soft samples. Alternatively, use could be made of 
chemical treatment to remove fat deposits. Chemicals treatment has been described in 
the literature as means of stabilizing pericardium, it being reported that the fibre width 
and d-spacing will change as result of using those chemicals [110-113]. These 
chemicals might also affect the mechanical properties of samples, possibly increasing 
stiffness. Glutaraldehyde (GA) and dimethyl suberimidate (DMS) are examples of 
such chemical agents that could be applied in pericardium processing in order to 
produce prostheses. It should be mentioned that these chemicals affect pericardium, 
mainly through a cross-linking mechanisms [110, 113]. In considering making use of
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chemical treatment, specifically as applied in treating food products, no evidence has 
been found to negate change in the properties of such samples. Therefore, it was 
finally decided not to use such treatment. A summary table showing some of these 
chemicals is shown in table 3.2 below with their possible effects on collagen fibres 
using AFM scanning.
Table 3.2 Summary of some chemicals and their effect on topography and other properties of
Chemical used in prep Effect seen using AFM Reference
Tannic acid
considerable changes in both surface 
topography and thickness of collagen 
fibrils as well as in fibril arrangement on 
the tissue surface
[111]
Glutaraldehyde
1. Creates inter- and intra-molecular 
cross-links.
2. Tissue calcification and mechanical 
damage which could have an impact on 
the collagen D-banding pattern.
[112]
Dimethyl suberimidate 
(DMS)
Increases Young's modulus but this 
might be connected with natural 
degradation of the biological samples
[110]
different cross-linking 
reagents: 
glutaraldehyde (GA), 
dimethyl suberimidate 
(DMS) and tannic acid 
(TA)
1. Considerable changes in the surface 
topography of collagen fibrils and in the 
spatial organization of the fibrils within 
the tissue.
2. changes in the D-spacing pattern
[114]
3.2.2.4 AFM scanning
Samples were imaged with an AFM (NTEGRA Probe Nanolabratory, NT- MDT, 
Moscow, Russia) located in the soft material lab, University of Surrey. The scanning 
was conducted for samples in their dry state in air at room temperature using tapping/ 
non-contact mode. This method for obtaining images of collagenous surfaces has been 
described previously in other AFM studies [111-112, 115]. All scans were conducted 
using a silicon cantilever (PPP- NCH-W, Nanosensors, Switzerland). The nominal 
resonance frequency of the cantilever ranges between 204-497 kHz and with spring 
constant ranges 10-130 N/m. Two AFM images were recorded in the height and the
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phase modes at the same time; with scan size (2 j j m  x 2 ^m). The existing Nova 
software was used to analyse the AFM images.
CCD camera
Head of the AFM
L-.1— ■fju  Mg—
fibres
Dynamic vibration isolation
Figure 3.13 The PNL NTEGRA AFM system used in this work.
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4 Rheology of irradiated hylauronan
4.1 Viscosity
4.1.1 Brookfield DV-II+Pro Viscometer
Results of calibration measurements are shown in figure 4.1. The standard fluid used 
for calibration is a Newtonian fluid thus it was expected to have a constant viscosity 
(independent of shear rate) as shown in figure 4.1. However, the trend in figure 4.1 
did not reveal a straight line relationship between the viscosity and the shear rate. 
Although, the measurements were done in the ideal set-up of the equipment i.e. using 
ideal volume of solution that could not be undertaken for actual sample 
measurements. The average of viscosity readings of the standard fluid was found to be 
479.11, the uncertainty being of ±1.9 %.
470 cP standard oil measurments
600 n
500 -
400 -
y=23.02Ln(x) + 499.01300 -
200  -
100  -
0.5 2.5
S hear Rate (s'
Figure 4.1 Calibration measurements for 470 cP standard-value fluid using a Brookfield
viscometer.
Another calibration experiment was conducted for Brookfield viscometer using a 
propanol solution specified with viscosity of 2.3 cP from the manufacturer and the 
average viscosity of our measurements being 2.2 cP.
65
The viscosity studies of irradiated HA solution started by choosing doses between 0 
Gy and 5 Gy for a 0.01% w/v of HA solution. The results from the first experiment 
are shown in Figure 4.2.
4.0
0.0
S hear Rate (s'^)
7.0
6.0
5.0
-♦— control
# - 5 G y
10Gy
- $ - 2 0 G y
4 .0
3.0
2.0
0.0
S hear Rate (s'
Figure 4.2 Shear rate against viscosity of initial samples of 0.01% w/v of HA using a 
Brookfield viscometer with LV, spindle. A clear reduction of viscosity is shown in the graph 
between control (0 Gy) and 20 Gy (A+B). Note that for the sake of clarity individual error 
bars are not shown; thus said the mean errors are less than 1% (at 0.35%)
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Figure 4.2 shows a clear reduction of viscosity with increasing dose. The viscosity 
decreases dramatically at 5 Gy when compared to 0 Gy and this attracts great interest 
as these are typical radiotherapy doses. Figure 4.2 (b) shows the same results in (a) 
but with extends the scale to lower shear rate where the noise-to-signal ratio is high. 
This is one of the problems with using the Brookfield or any other viscometers also 
being noticed with the calibration data. Thus for all the Brookfield results there was a 
poorly defined picture of the viscosity changes at low shear rate.
These initial measurements extended to relatively high dose values when compared 
against the fractionated doses typically delivered during radiotherapy treatments (up 
to ~ 2 Gy per fraction) although the results did indicate there to be viscosity 
sensitivity for doses in the interval between the control dose (0 Gy) and 5 Gy. As 
such, further measurements were made for the same HA concentrations, for the 
restricted x-ray radiation dose range up to 4 Gy (Figure 4.3). Viscosity reductions in 
the HA solutions were observed to be relatively large for doses in the interval 0 to 1 
Gy, the change then being smaller for further incremental doses of 1 Gy. The results 
of this work are consistent with the very limited number of previous studies on the 
HA solution degradation with low doses of ionizing radiation (less than 20 Gy) [15].
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2Gy
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12.0 14.02.0 4.0 6.0 8.0 
shear Rate (s‘^ )
10.00.0
7.0
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■*—IGy 
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6.0 8.0 
shear Rate (s'^ )
10.0 12.0 14.02.0 4.00.0
Figure 4.3 (A) Shear rate against viscosity and (B) relative viscosity of HA to water against 
shear rate for 0.01% w/v of HA solution. For this, a Brookfield viscometer is being used as 
described in the text. A clear reduction of viscosity is observed for X-ray irradiations up to the 
maximum dose delivered of 4 Gy. As it has been mentioned before individual error bars are 
not shown for sake of clarity but the mean errors are ~ less than 1% (at 0.61%)
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The time effect on the viscosity results was investigated by repeating the 
measurements at interval of 3, 24, and 96 hrs after the irradiation. There was decrease 
in viscosity after 24 hrs of the irradiation. Figure 4.4 shows a selected two doses, 0 Gy 
and 0.5 Gy of 0.01 % w/v of HA solution.
12.0
10.0  -
-4— 24  hrs 
# — 96 hrs 
120 hrs 
-X— 196 hrs
6.0
4 .0
2.0
0.0
5.0 10.0 15.00.0
S hear Rate (s'
2.5 # — 24 hrs 
96 hrs
0.0
5.0 10.0 15.00.0
Shear Rate (s'^ ;
Figure 4.4 time effect on the viscosity measurements of a control sample (A) and a sample 
exposed to 0.5 Gy (B). As it has been mentioned before individual error bars are not shown 
for sake of clarity but the mean errors are ~ less than 1 %  (at 0.43%)
It should be noted that the result of the control sample (A,), namely variations of 
viscosity with time, was not expected for HA. It is possible that this polymer, which 
has high molecular weight, produces entanglement of its molecules, requiring longer
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time (more than 196 hrs) to reach the equilibrium state i.e. spreading and distributing 
between the water molecules.
4.1.2 Thermo Haake VT550 Viscotester
Further investigation was done for 0.01 % w/v of HA solution with extra increment of 
dose in the interval 0 to 1 Gy, due to the relatively large reduction noticed in 
Brookfield results (Figure 4.3). Measurements were made using a Thermo Haake 
VT550 Viscotester, at a temperature of 22 ± 0.1 °C, re-obtaining the trend of reduction 
in viscosity seen in Figure 4.3, but now over an extended shear rate range, up to 3000 
s"\ For HA solutions of 0.1% w/v measured using the Thermo Haake VT550 
Viscotester, an observable reduction in viscosity is again obtained for 4 Gy 
irradiation, the results shown in Figure 4.5 also showing clearer changes at lower 
shear rate(< 200 s' )^. The behaviour of 0.1% w/v HA is clearly non-Newtonian and 
can be adequately described by a power law behaviour. The effect of radiation at this 
higher concentration of HA, seems to be less than at 0.01% at least in % terms.
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Figure 4.5 Change in viscosity for 0.1% w/v of HA solution, measured using a Thermo 
Haake rotating viscometer over the extended shear-rate range up to 700 s '\ The sensitivity to 
reduction in viscosity reduces at higher shear rates, as expected. Note that the lowest shear 
rate value represented is 1 s'’. For control and 0.5 Gy samples viscosity was measured at a 
shear rate of 1 s ’.
Further, the temperature dependence was also investigated as the temperature can be 
controlled in the Thermo Haake. The results show that for a given shear rate the 
viscosity decreases with rising temperature as was expected (Figure 4.6). The 
viscosity decrease with temperature is due to thermal expansion of the HA molecules 
which increases the probability of molecules having greater mobility [108]. Note 
though that changes in viscosity were too small to be detected for the range 
temperatures used in the laboratory (18-22 °C).
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Figure 4.6 Viscosity -  shear rate relationship at different temperatures for a sample of 1% 
HA wbv subjected to 4 Gy dose. Viscosity falls with increasing temperature, as expected. Sets 
of data are labelled by temperature (°C) at which measurements were taken. Note that for the 
sake of clarity individual error bars are not shown; thus said the mean errors are ~ less than 
1% (at 0.25%)
4.1.3 Ubbelohde capillary viscometer
Using the capillary viscometer, the flow rate of 0.4 % w/v HA solution was found to 
increase with irradiation dose, indicating decrease of viscosity of the solution with 
dose [9-10, 13, 116] since the viscosity is inversely proportional to flow time (Figure 
4.7).
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Figure 4.7 Flow time curve for 0.4 % w/v of HA exposed to different X-ray doses, up to 5
Gy.
Table 4.1 results for HA at different concentrations, indicating changes in the flow time and 
therefore the viscosity
Cone.(w/v) % flow time(s) Teiii|).°C
v=Ct
(mm^/s) tto (lmir)/c
1 2070 19 1960.29 1035.0 6.94
8 988 18 935.64 494.0 7.75
7 905 20 857.04 452.5 8.74
6 540 20 511.38 270.0 9.33
5 330 21 312.51 165.0 10.21
4 193 19.5 182.77 96.5 11.42
2 51 20 48.30 25.5 16.19
water 2 21 1.89 1.0 —
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0.2 0.8
Figure 4.8 data of relative viscosity against concentration for HA solution, indicating a linear
relationship as expected.
In reference to the M-H equation [109] a number of conditions were specified in order 
to obtain precise measurements using the M-H equation; these have been found 
difficult to satisfy in the present work. Firstly, measurements are required in a 
constant-temperature bath (regulated to at least ± 0.02 °C; this eould not be done, the 
available water bath temperature variation being within ± 2 °C. Secondly, according 
to manufacturer recommendations, the preferable efflux time of the solutions used 
needs to be longer than 200 seconds. This could not be achieved for sample 
concentrations of < 0.4 % w/v. Thirdly, the relative viscosity (q/po) needs to be 
between 1.1 and 1.5 for all concentrations of the solution; again this could not be 
achieved as the t  is extremely short (two seconds) when compared to t at 1 % w/v 
(34.5 minutes). As such, this led to us measuring the molecular weight using a more 
suitable tool, namely using Gel-permeation chromatography (GPC). At this point it is 
important to mention that comparing the t of each set of concentration of HA at 
different doses was very useful when compared to the control sample where there was 
a clear reduction in t  with doses.
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4.2 Gel-permeation chromatography (GPC)
Table 4.2 Molecular weight (Mw) change results of three samples of HA.
Sample Run No. Mw Average Mw
Control 27 and 30
4730000
4960000
4845000
2 Gy 28 and 31
4850000
4980000
4915000
5 Gy 29 and 41
4600000
4480000
4540000
C'?3
C7f
C.74
C72
0 7CÎ!ca*tuCÎ20!
C ÎÎ
C5Î
27 Sample 1 - Control
30 Sample 1 - Control
28 Sam ple 2 - 2 Gy
31 Sam ple 2 - 2  Gy
29 S a m p le s  - 5 Gy 
41 Sam ple 3 - 5 Gy
tZÎ
C24
122
C.1Î
C.15
C-14
Molecular Weight
Figure 4.9 the Mw distribution of three samples of HA solution (0, 2 and 3 Gy). Adapted
from Smither Rapra report [117].
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Figure 4.9 shows that the three studies samples of HA solutions have a very similar 
Mw distribution. The Mw of 5 Gy sample is marginally lower but the relative 
differences in Mw of the three is clearly small.
4.3 UV measurements
« 0.2
- 0.6  -
•0.5 Gy 
■1 Gy 
•2 Gy 
•4 Gy
•water-water
260 280 300
wavelength (nm)
Figure 4.10 UV spectra of irradiated HA solutions
The figure above shows the absorbance of HA samples against its peak wavelength. It 
can be seen clearly that there is no changes in the absorption band of the samples, 
which is not consistent with the results by Kim et al., their data revealing a new 
absorption band at 265 nm. This is almost certainly due to the use of high gamma ray 
doses (lk-50k) which is not comparable with the radiotherapy doses being used in this 
study [18].
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4.4 pH measurements
The HA solution samples had acidic pH but the variation was not consistent. The pH 
was expected to decrease with irradiation, since some groups have reported that. Kim 
J.K et al [18] reported a decrease of pH when irradiating the HA to high doses in 
compared to the doses being used in the present work. Thus it is not expected to have 
a significant variation in pH with such small doses.
Table 4.3 data for the pH measurements of HA solution irradiated to different doses
Dose (Gy) pH
0.0 6.831
0.5 6.856
1.0 6.858
2.0 6.850
3.0 6.824
4.0 6.928
5.0 6.732
4.5 Raman microspectrometry
In Figures 4.11 (a) and 4.12 results are provided of present Raman microspectrometry 
studies for 0.5 % w/v dried films, irradiated to doses of up to 5 Gy of X-ray dose, both 
for the entire inspected Raman shift range 0 to 3500 cm'  ^ and in more detail over 
more restricted spectral ranges. It is apparent that present work re-obtains some of the 
features previously reported by Mohammed (2008) [12] while also finding additional 
unreported features. Finally, in Fig 5.13, the prominent quadrupet of peaks centred 
around 2900 cm'  ^ for unirradiated films of HA solutions of 0.5 % w/v, are seen to be 
substantially reduced in intensity when irradiated to 5 Gy of X-ray dose.
As summarized in Table 5.4, there is close accord with the present observation of a 
peak at 950 cm"^  and peaks shifting from 1376 to 1381 cm'  ^ and 1405 to 1409 cm'  ^
with a previous such study (Mohammed observing a peak shift from 947 to 954 cm'  ^
and peak shifts from 1378 tol380 cm'  ^ and from 1411 to 1421 cm" )^. The well-
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defined structures observed in the present work are almost certainly a result of the use 
of films of dried HA solution rather than the study of aqueous media as in the work of 
Mohammed (2008) [12]. The interpretation of the various features has in a number of 
cases been aided by assignments provided by She et ah, (1974) [118].
OGy 
5 Gy
0 .9  -
0.6  -
3 0 0 01000 1500 2000
Raman Shift (1/cm)
2 5 0 0 3 5 0 05 0 0
Figure 4.11 (a) Results of Raman microspectrometry for dried films made from HA solutions 
of 0.5 %  w/v, irradiated to 5 Gy of X-ray dose compared to a control (unirradiated) film (see 
text for details) over the entire inspected Raman shift range 0 to 3500 cm'’. The broad 
changes observed over the spectral range 0 to 1500 cm ’ are shown in more detail in Figs 4.11 
(b)- 4.11 (c) below using more restricted spectral ranges.
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Figure 4.12 (b) Results of Raman microspectrometry over the Raman shift range 100 to 
-1000 cm *. Attention is brought to the appearance of a prominent peak following irradiation, 
at approximately 100 cm *.
0 Gy  
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0.4
1200 1400
Raman Shift (1/cin)
1000
Figure 4.13 (c) Results of Raman microspectrometry. Attention is brought to the shift and 
intensity reduction (compared to un-irradiated HA solution) for the two peaks centred around 
1400 cm *.
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Figure 4.14 Raman microspectrometry for 0.5 % w/v dried films for a range of radiation 
doses, from 0- to 5 Gy for the two prominent peaks shown in Figure 5.11 c, showing a 
progressive change in position (see Table 4.4 for an interpretation of this).
0 Gy
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Figure 4.15 Results of Raman microspectrometry for dried films made from HA solutions of 
0.5 % w/v, irradiated to 5 Gy of X-ray dose compared to a control (unirradiated) film (see text 
for details). Note the loss of relative intensity for the peaks centred around 2900 cm '.
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Table 4.4 Summary of peak positions and peak shifts observed in present work and the study 
of Mohammed (2008) [12].
Observed peaks or peak 
shifts
Mohammed (2008) [12]
Attribution 
(She etal., 1974) [118]
110 cm’^ Not mentioned -
900 cm'^ Not mentioned
C-O-C stretching, 0-H 
deformation and C=0 
deformation modes
950 cm'^ shift from 947 to 954 cm"' C(6)-0H
1010-1173 (group of un­
resolved peaks) cm'^
Not mentioned C(6)H2 and CH3
Peaks shifting from 1376 to 
1381 cm'^
shift from 1378-1380 cm"' CH2 or CH3 deformation
Peaks shifting from 1405 
to1409 cm'^
shift from 1411-1421 cm"' COO- or CH3
2595-2792 cm '
Not mentioned CH3
3031-3132 cm'^
Not mentioned C-2-H
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5 Mechanical and Structural properties of 
irradiated pericardium
5.1 Uni-axial testing results (Mechanical testing)
As inferred, pericardium tissues are in general, non-homogenous due to their 
structural composition and the orientation of their collagen and elastin fibres. Indeed, 
the mechanical properties of pericardium depend on collagen and elastin orientation 
within the ground substance [22], producing the variation in mechanical properties. 
To further overcome challenges in obtaining consistent data sets, the BP strips were 
pre-conditioned using consistently applied strain velocities, further adapting the 
internal structure of tissues towards consistent alignment. BP sacs have been reported 
to have high uniformity of alignment of collagen fibres in the apex region for most 
samples [59]. However, in the course of the present investigations, only one sample 
was found to have an intact BP sac at the apex (due to attachments to other internal 
organs and suffering the associated consequences in removal of the heart). Thus, as an 
alternative, samples were chosen from pericardium covering the four chambers of the 
heart.
In regard to the cyclic loading and unloading, results for a control sample load- 
extension graph are shown in Figure 2. The differences between the final three cycles 
are shown to be much smaller than the differences between the first three cycles 
obtained with the aid of the texture analyser software.
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Figure 5.1 A typical load-extension curve for 10 cycles of a control pericardium tissue sample. 
For clarity, only four of the ten loading and unloading cycles are shown.
Stress Loading
Stress
Unloading
Strain
Loading
Unloading
Strain
Figure 5.2 The difference obtained between a purely elastic material (left-hand graph, referred to as 
Fig 2A) and a viscoelastic material (left-hand graph, referred to as Fig 2B in the text). Fig 2B shows a 
typical result for pericardium samples.
Thus, it can be concluded that the pre-conditioning is used primarily to obtain a more 
reproducible set of results [68].
In the case of cyclic loading, if a material shows no difference in the stress-strain 
relationship in loading and unloading, then the material is purely elastic (Fig 3A).
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Conversely, if the material shows different features between loading and unloading, 
then it is referred as a viscoelastic. Figure 5.2 indicates that the pericardium tissues 
were found to exhibit viscoelastic behaviour under stress (Fig 5.2B).
The area enclosed by a loading and unloading cycle has been calculated for all 
samples; it is refened to as the hysteresis ratio [60].
0.35 -
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Figure 5.3 hysteresis ratio versus cycle number for control tissue samples and samples irradiated at 
doses of between 5 Gy and 80 Gy.
Fig 4 shows the hysteresis ratios as a function of the number of cycles for both control 
and irradiated samples. For all samples, there is a general decrease with increasing 
cycle. It is apparent for this particular sample (referred to as Pericardium 1), that a 
dose of 5 Gy is associated with a reduction in the hysteresis ratio, with subsequent 
return to approximate control values for the higher doses.
Since in the present work, samples were typically observed to produce reproducible 
results after the fifth cycle, only these results have been presented in obtaining the 
mean average of hysteresis, shown in Table 1, for the three samples, refeiTed to as 
Pericardium 1 to Pericardium 3.
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Table 5.1 Mean average value of hysteresis ratio for pericardium samples
Dose
Mean hysteresis ratio (± SO)
Pericardlum-1 Pericardium-2 Pericardium-3
Control 0.052 ± 0.00 0.166 ±0.03 0.333 ±0.19
5 Gy 0.015 ±0.01 0.194±0.16 0.244 ± 0.05
40 Gy 0.043 ± 0.01 0.102 ±0.04 0.848 ± 1.11
80 Gy 0.044 ±0.01 0.089 ± 0.07 0.237 ± 0.07
The hysteresis table (Table 1) above shows hysteresis values for all of the control and 
irradiated pericardium samples. The data reveals inconsistency across the three 
sources of tissue as can be expected as a result of tissue variability and possible 
imperfections in the sample preparation. It is apparent that further investigations are 
required, involving a larger number of samples. Therefore, these results should also 
be accompanied by Raman microspectrometry to investigate molecular bond breakage 
and formation, as in the previously mentioned studies of hyaluronan [119].
After relaxation, each sample was released and given time to relax (two minutes). 
Then, the samples were loaded at strain rate of O.I mm/s until fractured. Due to the 
fact that there was no complete physical fracture in most of the case the fracture graph 
did not show a uniform fracture curve but there was always a maximum point. An 
example of a fracture graph is shown in figure (below).
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Figure 5.4 Fracture graph of a control sample
The above fracture graph can be divided into four regions; (A): physiological or toe 
region of the curve, in which load increases exponentially with strain, (B) linear part 
of the curve, corresponding to the stored strength of collagen fibres, where the 
stretching of collagen triple helices and crosslinks between molecules increases (C) 
the non-linear part of the curve which was seen in all samples, represents the part 
when stretching increase more between fibres and resulting in disruption of the 
structure (D) Failure region but yet the tissue is not completely broken but still more 
fibres undergoing breaking (refer to picture)
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Figure 5.5 A photograph of a fractured sample, showing rupture stage (D).
The fracture curve can be used to calculate ultimate tensile strength (UTS). (UTS) is 
the maximum stress obtained upon deformation and corresponds to the onset of 
catastrophic failure. Table 2 shows the results for UTS for the three sets of bovine 
pericardium.
Table 5.2 Mean average of ultimate tensile strength (UTS) for pericardium samples
Dose
Mean ultimate tensile strength (MPa)
Pericardium-1 Pericardium-2 Pericardium-3
Control 9.18 ±2.28 3.03 ±1.21 1.99 ±0.30
5 Gy 7.24 ± 5.04 5.73 ±4.14 3.14 ±0.34
40 Gy 9.26 ± 0.59 4.97 ± 2.48 5.40 ± 2.41
80 Gy 7.87 ± 3.29 6.03 ± 2.64 2.84 ± 1.58
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The variation in the data sets again would seem to mask any change in UTS as a result 
of irradiation, further indicating that work on a larger number of samples is required. 
It is apparent, however, that the present magnitudes for UTS are in agreement with the 
measurement of UTS of pericardium tissues of other groups [120-121].
5.2 AFM  scanning results (Infrastructure study)
Example Results
Preliminary data (examples of which can be seen in Figs 5.8 and 5.9 and Table 5.3) 
for doses of 80 Gy shows there to be no significant change in the D-spacing period of 
the banded structure collagen type 1. while an increase of ~ 27 % is observed in the 
FWHM of the fibril widths over that of unirradiated pericardium tissue. This is in a 
good agreement with independent findings of members of this group in previous 
studies, an increase of ~ 25% being reported therein for the FWHM of the fibril 
widths for a dose of 80 Gy, again with no discernible change in D-spacing [122].
Lateral position (pm)
Figure 5.6 AFM ‘height’ (shown in the left-hand panel) and ‘phase’ scan (shown in the right hand 
panel), for a 2 pm X 2 pm section of a tissue sample irradiated to a dose of 80 Gy. Seen is the 
characteristic banded structure of the collagen type I that forms a major component of the fibrous 
(outer surface) layer of pericardium tissue. The AFM contrast levels can be digitally altered (see sliding 
scale to the right of each panel).
Figure 5.7 Example AFM profiles obtained from AFM height scans, such as that shown in 
Fig. 5.6 above. The panel on the left refers to profiles across the width of a fibre while the 
panel on the right shows the regularity of the D-spacing. Fibre width and the D-spacing 
parameters have been obtained from the averaging of such profiles, as explained in the text.
Dose
D-spacing period (nm) FWHM (nm)
Heart 1 Heart 2 Heart 1 Heart 2
0 67.69 ± 9.95 66.57 + 2.55 67.5 + 13.44 69.74+ 19.37
80 69.23+4.35 71.26 + 2.94 96.78 + 22.54 88.80 + 32.40
Table 5.3 Averaged D-spacing and fibre widths from profiles obtained from pericardium 
collagen fibres. Data are shown here explicitly for the control tissues and for tissues irradiated 
to a dose of 80 Gy, while all such data are represented in Figures 5.8 and 5.9 below.
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Figure 5.8 Averaged D-spacings from profiles, as explained in the text, for pericardium 
samples exposed to doses from 0 Gy (controls) up to 80 Gy. Within the quoted la 
uncertainties, no apparent change in D-spacing is obtained across the range of doses 
delivered.
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Figure 5.9 Averaged fibre widths (quoted in terms of the Full Width Half Maximum, 
FWHM) from profiles, for pericardium samples exposed to doses from 0 Gy (controls) up to 
80 Gy. Within the quoted la uncertainties, no apparent change in D-spacing is obtained 
across the range of doses delivered, although a weak trend towards increasing FWHM with 
dose is apparent.
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6 Conclusions
In vivo radiation-induced changes (for either the heart or joints) are known to manifest 
in limited cases as late biological effects, resulting in particular as a potential side 
effect of radical radiotherapy. Ideally one might perhaps desire the conduct of 
investigations that confront such late-effect situations. However, this would imply 
long term longitudinal studies, with measurements obtained on biopsy samples. This 
presents rather large ethical problems, be it in regard to animal studies or on tissues 
from subjects who are undergoing or who have undergone radiotherapy. Thus said, 
single dose in vitro studies provide for well controlled experiments, acting in the first 
instance as test beds for the development of tools that are of sufficient sensitivity to 
investigate potential tissue changes. Single dose in vitro studies at the same time also 
provide for identification of the magnitude of changes occurring in key characteristics 
of tissues, as in for instance rheological and structural components of the various 
organised media. The results of such studies are expected to impact upon the practice 
of radiotherapy with, as an example, present results for stiffness of pericardium 
tissues apparently upholding the conventional wisdom that, in breast treatment, doses 
to the tissues of the heart should be limited to less than 40 Gy [123]. Tissue stiffness 
changes are only weakly observed below this dose. Thus said in terms of vibrational 
studies, for doses down to 5 Gy, Raman microspectrometry results do indicate that 
changes are occurring at the molecular level, provoking the question as to whether 
these changes can manifest as late effects? Alternatively, it is entirely possible that 
such changes are reversible, repairing in tissues that retain the vitality of life.
Of further interest are issues of radiation cosmesis, tissue effects impacting upon the 
quality of life of individuals, most pointedly of those undergoing radical radiotherapy. 
This can concern for instance reduction of viscosity of synovial fluid, leading perhaps 
to pain in joint articulation, or of loss of elasticity of tissues of the jaw in head and 
neck treatments, leading to reduced ability for mastication. At doses that are 
familiarly used in radiotherapy changes, viscoelasticity and tissue stiffness are 
observed herein.
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In regard to specifics, for non-Newtonian fluid, the viscosity is not only a function of 
temperature but also shear stress and shear rate, added to the pH, Mw and 
concentration of the polymer. Because of these multifactorial dependencies, viscosity 
measurements were not straight forward especially when dealing with low 
concentrations of polymers where the intermolecular interactions become low. It has 
been found herein that for HA, investigating the degrading effects of x-ray radiation 
on HA at radiotherapy doses, measurements of viscosity and shear stresses on HA 
solutions have been made at different shear rates using various types of viscometer for 
different concentrations in the range 0.01% to 1% w/v of HA. The HA has been 
subjected to doses of 6 MV photon radiation ranging from 0 - 2 0  Gy, the major 
emphasis being on doses below 5 Gy. It is found that there is a dose-dependent 
relationship between viscosity and shear rate, viscosity reducing with radiation dose, 
this being related to polymer scissions via the action of radiation-induced free 
radicals. The dependency appears to become weaker at higher concentrations, 
possibly due to the contribution to viscosity from polymer entanglement becoming 
dominant over that from mean molecular weight. Present results, for HA solutions in 
the concentration range 0.01% to 1% w/v, show reduced viscosity with dose over the 
range 0- 4 Gy, the latter covering the dose regime of interest in fractionated 
radiotherapy. The work also shows agreement with previous Raman 
microspectrometry findings by others, the possible bond alterations being defined by 
comparison with available published data.
AFM is a powerful non-destructive imaging tool providing for reliable studies of 
collagens and other soft biological samples. With advances in sample preparation and 
manufacturing of sharp tips, image resolution has become available for such tissues 
on the nanoscale level, making AFM a reliable means of detection of structural 
changes. Applying the well-indicated tapping mode in scanning of biological samples 
has advanced the technology. Specifically, operating of AFM facilities in the tapping 
mode has provided for scanning of soft biological samples without damage or changes 
occurring to the surface of sample as would otherwise occur in use of the contact 
mode. The tapping mode is achieved by oscillating the tip at a frequency close to the 
PZT resonant frequency. As the tip approaches the surface of the sample, a repulsive 
force between the tip and the surface is generated and sent as input to the feedback
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system. Therefore, according to the input the tip-sample distance is manipulated and 
therefore the force applied on samples becomes more controlled [71, 73].
Mechanical properties of irradiated tissues:
The present study concerns sensitivity of the mechanical properties of pericardium to 
irradiation at therapeutic levels. Here it is to be summarised that the pericardium is an 
anistropic composite material made up of collagen and elastin fibres embedded in an 
amorphous matrix mainly composed of proteoglycan and hyaluronan. The collagen 
fibres are arranged in layers, with different directions of alignment in each layer, 
giving rise to interesting mechanical properties of pericardium, including the ability to 
undergo large deformation during performance of regular physiological functions.
Investigations herein have focused on the effect of penetrating photon ionising 
radiation on bovine pericardium tissue, being part of a study of the effect of cardiac 
doses reeeived in breast radiotherapy and the possibility that this can give rise to 
cardiovascular complications. Irradiation doses in the range 5 to 80 Gy were used. In 
order to characterise the various mechanical properties (elastic modulus, stress 
relaxation, ultimate tensile strength (UTS) and fracture) a uniaxial tensile test method 
was applied. Results from present study reflect the wide inter-sample variations that 
are expected in dealing with tissues, with only a weak indication of increase in the 
UTS of the pericardium tissue with increase in radiation dose. Such an effect has also 
been observed by others, with reduction in UTS at doses of 80 Gy. It can also be 
mentioned that these same findings agree with results of previous studies by members 
of this group [122]. Specifically, we observe a change in collagen type I fibre width at 
elevated doses, ~ 80 Gy.
While there is indication of an effect at ~ 5 Gy, the inter-variations between samples 
suggests that any such effect is only a weak phenomenon, with further investigations 
being required. It should also be mentioned that improvements in modern 
radiotherapy techniques have led to a significant reduction in heart doses which, in 
turn, has reduced the radiation-indueed cardiac complication. In treatment of breast 
malignancy, radiotherapy practice seeks to ensure doses to the whole heart of < 40 
Gy [123]. The use of AFM has been found highly effective in measurement of
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changes in irradiated collagen fibres, in support of such investigations, adding to the 
range of efforts made herein in seeking to define changes in tissue properties at doses 
that are familiarly used in radical radiotherapy.
Having established various methods for measuring change, characterising the 
associated sensitivities, there is now a need to conduct investigations of a wider group 
of samples. As an example, it would be useful to investigate changes as a function of 
the age of the animal, from the immature through to the mature. In the long-term, this 
would provide for age-dependent cross-sectional data.
In regard to late effects, it may be possible to conduct Raman microscopy 
investigations on plant tissue, in particular those genus with a relatively short lifespan. 
This would also help to circumvent a range of ethical issues that would surround 
animal studies.
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